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Kurzfassung

Zweck dieser Diplomarbeit war es, ein Bias-T fiir gepulste Anwendungen zu entwickeln und zu bauen.
Dieses Bias-T ist notwendig bei der Messung der Eigenschaften von Hochfrequenz-Transistoren, um
wihrend der Zeit der Messung den Einfluss der Selbsterwirmung zu eliminieren. Um dies zu erméglichen,
ist es notwendig HF-Spannung, gepulste Gleichspannung und Gleichspannung zu kombinieren. Der Fre-
quenzbereich, in dem das Bias-T arbeiten soll, ergab sich aus den Anwendungen in der Mobilkommunika-
tion fiir die man zur Zeit HF-Transistoren mit grofler Leistung benotigt. Werden diese Transistoren im
Grofisignalbetrieb verwendet, werden Harmonische der Grundschwingung mit hsherer Ordnung erzeugt.
Diese harmonischen Signalanteile miissen vom Bias-T definiert abgeschlossen werden.

Kapitel 1 beinhaltet eine genaue Beschreibung fiir die Notwendigkeit des Bias-T's und die Spezifikationen,
die von ihm erfiillt werden miissen.

Die theoretischen Grundlagen, welche fiir die Erarbeitung dieser Diplomarbeit notwendig waren, sind in
Kapitel 2 angefiihrt.

In Kapitel 3 sind die einzelnen Entwicklungsstufen und deren Probleme dargestellt. Begonnen wurde mit
der Realisierung mit diskreten Bauteilen, danach kommt der Versuch, einen eigenen Koppler zu bauen
und zuletzt das endgiiltige Design mit kommerziell verfiigharen 3 dB 90° Hybriden. Das Bias-T wurde
schlieflich in mehrere Bias-Ts aufgeteilt, um eine hohere Flexibilitdt in der Anwendung zu erhalten.
Gebaut wurde schliellich ein Bias-T mit Anpassung fiir Harmonische, das alle Spezifikationen erfiillt,
zwei ohne einer Anpassung fiir unterschiedliche, eingeschrinktere Frequenzbereiche und dann noch zwei,
um gepulste Gleichspannung mit Gleichspannung zu kombinieren.

Kapitel 4 enthilt die Ergebnisse der Messungen der verschiedenen Bias-Ts und eine Auflistung der
notwendigen Modifikationen, um die gewiinschten Spezifikationen zu erreichen.

Abschlieflend gibt es eine Zusammenfassung und Tipps fiir die Entwicklung weiterer Bias-Ts.

Im Anhang befinden sich Programme, Dokumentationen und Datenblitter, welche fiir die Hardware-
entwicklung benétigt wurden.



Abstract

The aim of this diploma thesis was to design and build a bias-T for pulsed applications which is needed
to measure RF transistors without the influence of self-heating during the time of measurement. In order
to accomplish this, DC, pulsed DC and RF have to be combined with this bias-T. The frequency range
of the bias-T is defined by the frequency bands of mobile communication systems, where high power RF
transistors are needed. At large signal excitation, the transistor produces harmonics. These harmonics
should be terminated by the bias-T.

In chapter 1, the motivation to build such a bias-T is described more detailed and the specifications which
are necessary for the implementation are given in detail.

The theory, which is essential to solve the arised problems is summarized in chapter 2.

In chapter 3, the different steps of development as well as their according problems and solutions are
explained in detail. Two design approaches were evaulated for the realization of the bias-T to combine
RF and an already combined pulse and DC. The first approach which was based on lumped elements,
turned out to be not feasible. A second design approach was based on 3 dB 90° hybrids. Starting with
a new design of a broadband coupler, the final design was realized with commercially available hybrids.
The bias-T was finally splitted to a set of different bias-Ts to offer high flexibility. To combine RF
and an already combined pulse, a bias-T with up to 3"¢ order harmonic matching was built; fulfilling
all required specifications. Additionally, two bias-Ts, which do not comprise harmonic matching for a
frequency range, for different limited frequency ranges were built.

In order to combine the DC pulse with a bandwidth of 200 MHz and DC offset, two additional bias-T's
in classical design with lumped components were built.

Chapter 4 comprised the results of the measurements that were performed on the bias-Ts and which
modifications were necessary to reach the required specifications.

A summary, which sums up the specifications of the chosen implementations and an outlook summing
up hints for further bias-T designs conclude this thesis.

In the appendix descriptions of additionally developed software tools and required documents for the
hardware development can be found.
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Chapter 1

Introduction

1.1 Motivation

To operate a transistor as a microwave amplifier it is, on the one hand, necessary to combine DC voltage
and RF voltage at the transistor s input and, on the other hand, to separate DC and RF voltage at
the transistor 's output. With the DC voltage the quiescent point at which the transistor should work
is set and the RF voltage is amplified. It is not possible to combine RF and DC straightly, because the
DC supply acts as a short circuit for the RF voltage. Therefore, a bias-T with three ports is needed.
It combines RF and DC voltage at one port and decouples the two input ports of RF and DC. For the
measurement of transistors it is a disadvantage if the transistor operates for a longer time at the quiescent
point, because the self-heating of the transistor affects the measurement. As a result of this, only a short
DC pulse is used to switch for the short time of measurement to the desired quiescent point, so that the
effect of self-heating is eliminated.

Out of this reason, a "bias-T for pulsed applications" was designed at this diploma thesis.



1.2. SYSTEM OVERVIEW Chapter 1. Introduction

1.2 System Overview

In Fig. 1.1 the principle structure of measuring a transistor with pulsed DC is shown. Therefore, firstly
the pulse from the pulser is combined with DC in a bias-T for an offset. The next step is the combination
of the DC+pulse with the RF in the second bias-T. If this combination is used at the gate and the drain
of the transistor, the operation point can be moved for a short period of time to each direction, as shown
in Fig. 1.2. At such a system it is possible to measure a transistor s DC-IV curves at a certain bias point
while not affecting the measurement due to self-heating.

Bias T Bias T
|1 /1
1 |
50 O - i 50 Q
@ ol
—H Lo —H Vi
I@ I
Pulser Pulser

|
o
0O
|
v}
0O

Figure 1.1: System Schematic
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Figure 1.2: Operation Point



1.3. SPECIFICATIONS OF THE PULSER Chapter 1. Introduction

1.3 Specifications of the Pulser
Used Pulser: AVITECH AVRF-2-B

The specifications are:

Amplitude at a 50 € load: 0 to 200 Volts

Rise time: < 2ns

Fall time: < 2ns

Pulse width: 0.1 to 100 ps

Pulse repetition frequency: 0 to 1 kHz

Duty cycle (max): 0.5%

Average power out: 4 Watts
P .
e >
0 DoO g =il

AR | -0]

Figure 1.3: Pulser AVRF-2-B

1.4 Specifications of the Pulsed Bias-T

The following basic requirements define the specifications of the bias-T:

First of all, it will be designed for a 50 £ network. The bias-T should be used to measure transis-
tors in the frequency band of mobile communication and wireless LAN, which is a frequency range of
1.8 GHz to 2.5 GHz and should also handle the harmonics up to the third order because at large signal
excitation the transistor produces harmonics. These harmonics should be terminated by the bias-T. So,
the required frequency range is 1.8 GHz to 8 GHz. The pulsed maximum current value of the pulser is 4 A
at 50 Q load. But the bias-T should be designed up to a maximum current of 8 A. Since DC current from
the DC supply may go up to 8 A, this is a value taken from the practice of measuring transistors in the
given bandwidth. The bias-T must not distort the shape of the DC pulse, which results in a bandwidth
of 200 MHz. The resistance of the DC path should be as low as possible.

The return losses S11(RF port) and Sao (RF+DC port), respectively, should be higher than 15 dB and
the insertion loss should be as low as possible, aimed at < 0.5 dB. The isolation between Sa3 (path DC
to RF+DC port) and So;1 (path RF to RF+DC port) should be higher than 20 dB.

Frequency Range: 1,8 to 8 GHz Pulsed current 8 A
Return Loss Sj;: > 15 dB DC-current: 8 A
Insertion Loss: 0.5 dB Impedance: 50 Q
Isolation So3 - So1 20 dB
DC UdB DC+ puse §, Insertion loss S,
I Port 3 I
10— Isoiation >20 dB
=~ | Return loss $,,& S .
0 — \"
1] — _'}: + RF+DC 40 GHz
Bty Pt 2 02 18 10

Figure 1.4: Specifications



Chapter 2

Theory

2.1 Basic Definitions of Inductors and Capacitors

The presented theory of inductors and capacitors is based on [1].

2.1.1 Inductors

Inductance

In electrical circuits, the effect of magnetic energy storage is represented by an inductance L, which is
defined in terms of magnetic flux ¥ by

1 v
L = ~¢ By -ds=—
I]i T
1
= oyt pH -al (2.1)
l

where:
I = the current flowing through the conductor in amperes,
B,,, = magnetic flux density expressed in tesla (T) or weber/m? = pou, H,
where the magnetic field, H is expressed in A /m,
S = the surface area enclosed by the loop of wire of length I.

For perfect conductors p, = 1. Free-space permeability is p, = 47 x 10" H/m.

The current I produces magnetic flux in the area S bound by the loop as shown in Fig. 2.1.
In this case, L is also known as self-inductance. Fig. 2.2 shows the magnetic flux lines in a coil.
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Figure 2.1: Loop Wire Configuration Showing Flux Area S, Current I, and Magnetic Flux B.
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Figure 2.2: Magnetic Flux Lines in a Coil

Magnetic Energy

In an inductor, the magnetic energy is stored as long as the current keeps flowing through it and is given
by
_LI?

Win 5

(2.2)

where:
W, = magnetic energy express in Joules (W-s = J), W and s designate watt and second, respectively;
L = inductance in henrys (H);
I = current in amperes (A).

Mutual Inductance

When two conductors carrying current are in proximity, their magnetic flux lines interact with each other.
If the currents flow in opposite directions, the inductance of each conductor is reduced. Currents flowing
in the same direction increase each conductor’s inductance. The change in an isolated conductor’s
inductance when in proximity to another conductor is known as their mutual inductance. Consider two
conductors in parallel; the mutual inductance is defined by
M:L,,LZE“—;—IL0 (2.3)

where

M = Lm = mutual inductance in henry (H);

L, = total inductance of the two conductors when the current flows in the same direction;

Ly = total inductance of the two conductors when the current flows in the opposite direction;

If L is the self-inductance of each conductor in the isolated case, then the total inductance of each
conductor is given by

Ly = L+ M (current flow in the same direction)

L — M (current flow in the opposite direction) (2.4)

Effective Inductance

For chip inductors, the nominal inductance value is measured at low frequencies; however, the operating
frequency range is much higher. Because the inductor has associated parasitic capacitance (due to
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interturn and ground plane effects) in parallel with its inductance as shown in Fig. 2.3(a), the impedance
of the inductor (neglecting series resistance) can be written as

PR IR (2.52)
"Wl e 1-wlLG
or
Z; = jwLe (2.5b)
where I
T T 5

Here w, (= 1/4/LC}) is the parallel resonant frequency. The equivalent inductance L. is known as
effective inductance, and below the first resonance its value is generally greater than the nominal specified
value.

— . AN

@ ©)

Figure 2.3: (a) Self-Inductance in Parallel with Capacitance. (b) Series Inductance Resistance Represen-
tation.

Impedance

The Impedance of an inductor is defined as
1%
Zr = 7= JjwL (2.6)

where w = 27 f and f is the operating frequency in hertz (Hz). The preceding equation shows that the
sinusoidal current in a perfect inductor lags the voltage by 90°.

Time Constant

When a DC voltage is applied across a series inductor-resistor combination as shown in Fig. 2.3(b), the
time required to charge the inductor to the applied voltage is known as the time constant 7 and is given
as

T=4 (2.7)

where 7, L and R are expressed in seconds, henries and ohms, respectively.
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Quality Factor

Several different definitions of Q-factors for inductors have been used in the literature, but the most
general definition of () is based on ratio of energy stored, Wy, to power dissipated, Pp, in the inductor
per cycle; that is

OJWS
= . 2.8
. (28)
At low frequencies an inductor ‘s primary reactance is inductive and
172

wsLi§ WL
Q=15 =" (2.9)

iRZO R

where i¢ is the rms value of the current. When the inductor is used as a resonant component close to its
self-resonance frequency (RSF) f,.s, a more appropriate definition of the Q-factor is in terms of its 3-dB
bandwidth (BW) is given by

f'r‘es

©=Bw
A third definition of Q-factor, which has been used for distributed resonators, is evaluated from the rate
of charge of input reactance with frequency:

(2.10)

Q

_ fres {d)(“l} (2.11)

2R | df

where X, is the input reactance of the inductor and dX;, /df is determined at fes.
In microwave circuits where the inductors are used far below the self-resonance frequency, the degree at
which the inductor deviates from an ideal component is described by the effective quality factor Qeysy.

Im[Z;] X wLe

%ﬁ:§gﬂ=§=R (2.12)

where Re[Z;,] and Im[Z;,] are the real and imaginary parts of the input impedance of the inductor,
respectively. This definition leads to the unusual condition that Q).ss becomes zero at resonance. Since
in RF and microwave circuits, for series applications of inductors, the operating frequencies are well below
the self-resonance frequency, the preceding definition is traditionally accepted.

Self-Resonant Frequency

The self-resonant frequency (fres) of an inductor is determined when I'm[Z;,] = 0; that is, the inductive
reactance and the parasitic capacitive reactance become equal and opposite in sign. At this point,
Re[Z;y,] is maximum due to parallel resonance and the angle of Z;, changes sign. The inductors’s first
resonant frequency is of the parallel resonance type. Beyond the resonant frequency, the inductor becomes
capacitive.
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2.1.2 Capacitors

Introduction

When a voltage is applied across the two plates of a capacitor, the amount of energy stored depends
on the work done in charging the capacitor. Capacitance is defined as the capacity to store energy in
an electric field between two electrodes or efficiency of the structure in storing a charge when voltage
difference exists between the plates. Its value depends on the area of the electrodes, separation between
the electrodes, and the dielectric material between them. Dielectrics with high values of permittivity
and higher breakdown voltage are the most desirable. The capacitor structure might have two or more
conductors. The capacitance, C, in farads, of a capacitor structure consisting of two conductors is
expressed as:
Q

C= (2.13)

where () is the total charge in coulombs on each electrode or conductor and V' is the voltage between the
two conductors in volts. At the positive polarity the charge is positive, whereas at the negative polarity
it is negative. Field lines start from the positive plate and terminate at negative plate.

The basic structure of a capacitor, as shown in Fig. 2.4, consists of two parallel plates also called electrodes,
each of area A and separated by an insulator or dielectric material of thickness d and permittivity epe,,
where €9 and ¢, are free-space permittivity and relative dielectric constant.

Q= 7{ eoerBy - ds = epe, E A (2.14)
S
where E, (V/d) is the electric field produced by the applied voltage V. From (2.13) and (2.14),

A W x1
C = ¢gpe,— = gp&, a

. = (2.15)

where W and [ are the width and length of one of the plates. Equation (2.15) does not include the effect
of fringing field.

e

77 r

w Area (A}

W

TJI_
L

d

Y-

Figure 2.4: Basic Parallel Plate Capacitor Configuration.

Effective Capacitance

For chip capacitors, the nominal capacitance value is measured at 1 MHz and in typical RF applica-
tions the operating frequency is much higher. Because the capacitor has an associated parasitic series
inductance as shown in Fig. 2.5(a), the impedance of the capacitance (neglecting series resistance) can
be written

N I B N SR
Ze=3j {wLS wC] =—=5 [1-w’L,C] (2.16)
or .
Zp=—— (2.17a)
wCl,



2.1. BASIC DEFINITIONS OF INDUCTORS AND CAPACITORS Chapter 2. Theory

where )

Ce=C1—w’L,C] " =C[1 - (w/ws)?]” (2.17b)

Here w; is the series resonant frequency (= 1/v/LgC). The equivalent capacitance C, is known as the
effective capacitance and below the resonance frequency, its value is generally greater than the nominal
specified value.

c L. C Rs

(@ (b)

Figure 2.5: (a,b) Series Representation of Capacitor.

Quality Factor

Quality factor is an important FOM for capacitors and measures the capacitor’s capability to store
energy. When a capacitor is represented by a series combination of capacitance C' and resistance R, as
shown in Fig. 2.5(b), the quality factor, @ is defined by the following relation:

1 1
~ wCRs 27fCRg

where w = 27 f, and is the operating frequency. For discrete capacitors, the value of @ is typically
measured at low frequencies.

Q

(2.18)

Series and Parallel Resonances

Unlike inductors from the equivalent circuit shown in Fig. 2.6, we see that capacitors have both series
and parallel resonance frequencies where the series and first parallel resonance frequencies are dominant.
Below the series resonance frequency, the capacitor works as a capacitor as designed. However, above the
resonance frequency, the capacitor s total reactance is inductive and it becomes again capacitive after
the first parallel resonance frequency.

A lumped-element equivalent circuit of a capacitor is shown in Fig. 2.6, where Lg is the electrode induc-
tance and C,, is the parasitic parallel capacitance. The impedance of the capacitance between the two
electrodes can be written as follows:

1

Z =
© 7 jwCy + (Rs + jwLs + 25)~!

(2.19)

Thus, the value of Z¢ is infinite (because of C' and C),) at DC and decreases with frequency. Finally, it
becomes zero at infinite frequency (because of inductance Lg). However, as shown in Fig. 2.7, the behavior
of Z¢ is nonideal. Fig. 2.7 also shows variations of an ideal inductor L, for an ideal capacitor C', and for
a parasitic capacitor C,. When C > Cp, at frequency ws, the reactances of series elements C and Lg
become equal, that is, wgLg = wS%, resulting in total reactance equal zero. The frequency wg at which
this happens is called the series resonant frequency (SRF), and the capacitor s impedance is equal to
resistor Rg. Thus, at SRF, a capacitor mounted in a series configuration is represented by a small resistor
and its insertion loss is low. As the frequency increases, the reactance of the capacitance becomes very
small and the reactances of the parallel elements Lg and C}, become equal, that is, wpLS = wplcp' The
frequency w, at which this occurs is known as the parallel resonant frequency (PRF), and the capacitor
becomes a very large resistor whose value is given by

1

=BG (2.20)

Ry

9



2.1. BASIC DEFINITIONS OF INDUCTORS AND CAPACITORS Chapter 2. Theory

Figure 2.6: Equivalent Circuit of Parallel Plate Capacitor

Thus, at PRF, R, is infinite when Rg = 0.

f”d
Inductive -
o
wlL -
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RS =
=
22
Zi(w) f== o
g P =
A o
/’/ !
/i wC S
C T /’ ! e
apacitive 4
i (UCP -~
v’l

Figure 2.7: Variation of Input Impedance of Ideal Series Inductor, Series Capacitor and Parallel Capacitor
and Parallel Plate Capacitor.

Dissipation Factor or Loss Tangent

The dissipation factor (DF') of a capacitor is defined as a ratio of the capacitor “s series resistance to its
capacitive reactance, that is,

DF =wCRg = % =tand (2.21)

where @ was defined earlier in (2.18). The dissipation factor tells us the approximate percentage of power
lost in the capacitor and converted into heat. For example, DF = tand = 0.01 means that the capacitor
will absorb 1% of total power. To dissipate negligible power, one needs a capacitor with very high @) on
the order of 1,000 to 10,000.

Time Constant

In a circuit when an ideal capacitor C is connected in series with an resistor R, and a DC voltage is
applied, it takes affinity time 7 to charge the capacitor to the applied voltage. This is known as the time
constant and is given by

T=RC (2.22)

where 7, R and C' are expressed in seconds, ohms and farads, respectively.

10
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2.2 Microwave Network Theory

2.2.1 Introduction

In order to characterize microwave systems and subsystems it is important to determine their input-
output characteristics. Such a microwave system can be classified as a N-port network, e.g. a two-port,
three-port, four-port, and so on. The behavior of a linear microwave network can be described in many
different ways [2], like its impedance, admittance or scattering parameters (S-parameters). Because a
network is usually constructed to have specified reflection and transmission properties, one can directly
express the desired response in terms of a scattering matrix. These quantities can also be easily measured
using a vector network analyzer. In this chapter, the S-parameters will be described in more detail.

2.2.2 Actual and Equivalent Voltages and Currents

Unique voltages and currents can be defined (and measured) at various locations in a circuit at low
frequencies. Unfortunately, this is not true at microwave frequencies and beyond, where it is not pos-
sible to define unique quantities for transmission lines carrying power in Transversal Electro-Magnetic
(TEM) mode. Examples of transmission lines supporting the TEM mode of propagation are striplines
or microstrip lines. Therefore, one resorts to the concept of equivalent voltages and currents, and this
can be applied to both TEM- and non-TEM-mode transmission lines. Relationships involving equivalent
voltages or currents lead to unique physical quantities such as reflection and transmission coefficients,
normalized input impedance, and the like. Equivalent voltages and currents can be defined on a normal-
ized or unnormalized basis. Because the representative matrix of a network may define a relationship
between normalized and unnormalized quantities, it is essential to be mentioned.

Normalized Voltages and Currents

Fig. 2.8 shows a two-port network. The power flows into and out of the network by means of transmission
lines connected to the network. Each transmission line may carry a wave propagating toward the network
defined as the incident wave or away from the network defined as the reflected wave. Assuming that the
power flows in positive z-direction, the z-variation of the incident electromagnetic wave can be described
by a simple factor e=71% where 3, is a unique quantity and denotes the phase constant of the wave in
the transmission line of port 1.

—G e

z=0

Figure 2.8: Normalized and Unnormalized Voltage and Current Waves on Transmission Lines of a Two-
Port Network.

11
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If we assume that the incident voltage and current waves have the same phase as that of the transverse
electric and magnetic field components of the incident electromagnetic wave, we can determine the nor-
malized voltage and current waves. If the z-variation of voltage and current waves is also given by the
same factor as that for the field components e~7%1%, the normalized incident voltage and current waves
in the transmission line of port 1 can be expressed as

Vit (2) = Vibe 7P1% = ‘Vl‘g) elVirg=ib1z (2.23)

and R R 4 R ' 4
[f (2) = [fe %= = (Ijo‘ el Vi1 g=ib= (2.24)

where W;; denotes the phase of the incident wave at z=0, and Vfg and ff[) are the complex voltage and
current, respectively, at the same terminal plane (2=0). To reemphasize, the value of ¥;; is the same as
that of the transverse components of the electric and magnetic fields of the incident wave. The symbol
"~" has been added to denote that the respective quantities are normalized. When the characteristic
impedance of the transmission line is real, the voltage and current waves can be expressed in terms
of incident and reflected power. At microwave frequencies, the characteristic impedance of practical

transmission lines are generally real. To compute the value of )Vlg‘ and ’f fB , we force the condition that

the average power flow is given by

Vit | |15] = P (2.25)
where Pj"denotes the incident power, and ‘Vfg‘ and ‘f 1+0’ denote the rms quantities.
To determine ‘Vfg‘ and |1}

quantities, we choose

, we need to have another relation between them. To define normalized

V1|
il R (2.26)
i
and hence from (2.25) and (2.26):
)Vlg\ - ’fjo‘ =\/Pr . (2.27)

Substituting the values of ‘Vfg‘ and ’IA{B

from the above equation in (2.23) and (2.24), we obtain

Vit (z) = I () = \/ P&’ ire A= (2.28)

When the incident power reaches the network, a part of it (say, P, ) is reflected back. By analogy with
incident voltage and current waves, the reflected waves can be expressed as

Vi (2) = I (2) = /Py e?ViredPr? (2.29)

where the superscript "-" is used to denote the reflected waves. W;; is the phase of the transversal
components of the electric and magnetic fields of the reflected wave at z=0 and is a unique quantity.
Because the reflected wave propagates in the negative z-direction, its z-dependence is described by the
factor e7f17%.

The total normalized voltage (at any value of z) in the transmission line of port 1 is those given by,

Vi(z) = Vi (2) + V7 (2) =/ Pl etMite % 4\ PretViaelhs (2.30)

On the other hand, the total current at any value of z is given by

I(z)=If (2) = I7 (2) = Vit (2) = Vi (2) = \/ Pfre?Yie Pz [ PrelVingdfrz (2.31)

Because the current flows in the axial direction, the net current is given by the difference of the cur-
rents flowing in the positive and negative z-direction. The net power flows into the network across any

12
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z=constant plane in the transmission line of port 1 and is given by P = Re(ViI). Using (2.30) and
(2.31) we obtain o
P=Re(WI})=P - P . (2.32)

Unnormalized Voltages and Currents

If the ratio between the voltage and current of the incident wave (and the reflected wave) is chosen to
be different from unity (2.26), the resulting quantities are called unnormalized. For TEM transmission
lines, this ratio is generally chosen to be equal to the actual characteristic impedance of the line. In
that case, the unnormalized voltages and currents reduce to actual quantities in the line. For non-TEM
transmission lines, the characteristic impedance depends on the definition used. Referring to Fig. 2.8,
the unnormalized incident voltage and current waves in the transmission line of port 1 can be expressed

as
Vit(z) = \/ZonPfel¥ie P12 (2.33)

) = B v s 2.34
1 (Z) - Z()le € ( M )

where Zy; denotes the characteristic impedance of the transmission line of port 1. In the above equations
the symbols """ has been dropped to denote unnormalized quantities.
The unnormalized reflected voltage and current waves in the transmission line of port 1 can be expressed

as
Vi (2) = \/ZypPyelViredh® (2.35)

P . )
I7(z) = 1/27;163%163612. (2.36)

Reflection Coefficient, VSWR and Input Impedance

Referring to Fig. 2.9, the voltage reflection coefficient I'1(z) in the transmission line of port 1 is defined

as
() V()
Ii(z) = = = : (2.37)
Vif(z) Vi (2)
Substituting values of V™ (z) and V;"(z) from (2.28) and (2.29) in (2.37), we have
B |V16|ej‘111re+jﬁ1z B Pf Hr¥rs) 238
I'i(z2) = Vit [ereimee = P—;_e e . (2.38)

We easily conclude from (2.38) that the reflection coefficient is a unique quantity, and the square of its
modulus gives the fraction of the incident power that is reflected back. The return loss (in decibels),
which is a positive quantity, is given by

Lr(dB) = —10log |1 (2)|* = —201og Ty (2)| . (2.39)
The voltage standing wave ratio (V. SWR) in the transmission line of port 1 is given by

1+|T(2)|

VSWR= "
1= [F1(2)|

(2.40)
More often, it is the practice to use the ratio of total voltage and current, which can be termed as input
impedance. The ratio of total normalized voltage and current is defined as the normalized impedance
and is given by

+
== L : 2.41
) (2.41)
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Load

Zin(t, | ) Zin(tl)

Figure 2.9: A Two-Port Network Connected to a Source and Load

Because I'1(2) is a unique quantity, the normalized input impedance is also a unique quantity.
Similarly, the unnormalized input impedance Z;, is given by

Z; =Zp——F+— 2.42
(Z) 01 1-1, (Z) ( )
where Zj; denotes the characteristic impedance of the transmission line connected to port 1.
Using (2.41), the reflection coefficient in terms of normalized input impedance is expressed as
Zin(z) — 1
Ty (z) = Zinl2) (2.43)
in(2) +1
and in terms of the unnormalized input impedance:
Zin(Z) _ 1
Zin z)— Z
T(z) = — = 7 (2) = Zo1 (2.44)
% +1 in(2) + Zo

Transformation of Impedance
With Z,,(t1) as the input impedance at the terminal plane t; looking into the network, the input im-
pedance at the terminal plane ¢} (which is closer to the generator compared with terminal plane t;)

is
— Zo Zin(t1) + jZo1 tan(B,1)
Zo1 + jZin(t1) tan(B,1)

where [ is the distance between terminal planes t; and t}. If Z;,(¢}) denotes the load impedance Z,, the
input impedance Z;,, at distance ! away (towards the generator) can be expressed as

Zin(t}) (2.45)

Zr, + jZo1 tan(B,1)

Zin =Z A
" Zor+ 3721 tan(B,1)

(2.46)

where 5, = 21/), denotes the propagation constant of the line, which is assumed to be lossless.

Quantities Required to Describe the State of a Transmission Line

Consider an N-port network as shown in Fig. 2.10. The ports are numbered from m = 1 to m = N.
The power is carried into and away from the network by means of transmission lines connected to each
port. The characteristic impedance of the transmission line of the my, port is denoted by Zy,,, because
the voltages and currents vary along the length of the transmission line, fictitious terminal planes are
located in each transmission line. Voltage or current at port m denotes the respective quantity at the

14
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Figure 2.10: An N-Port Network

specified terminal plane in the transmission line of port m. We use the notation of the sections above for
normalized and unnormalized quantities and incident and reflected quantities.

Note that Vn+ and f:{ ( similarly, V,; and f; ) are not independent quantities. The normalized
quantities satisfy following relationships:

Vi Vo
A==l (2.47)

If the two quantities Vn+ (or f;f ) and Vn_ (or f,j ) are known, the total voltage and current can be
determined using

V,=Vi4+Vv- =Ir+1I- (2.48)

and R R X R R
IL=I-1 =Vi-v— . (2.49)
Therefore, if any two of the four quantities V,,, I,,, Vi (or I;7), and V;; (or I7) are known, all others can

be determined. the same conclusion holds for unnormalized quantities if the characteristic impedance of
all transmission lines are known. For unnormalized quantities:

Vi V-
oo, 20
V., = VI+V. =Zo (I +1)) (2.51)
and N B
I,=I1 -1, = Voo = Vo (2.52)
Z(]n

Relationship Between Normalized and Unnormalized Quantities
The normalized and unnormalized quantities are related by

vE o= Vi (2.53)
n /ZO,; .
A (2.54)

" Vv ZOn

[t = I*\/Z, (2.55)
I, = I Zo, . (2.56)

15
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2.2.3 Scattering Matrix

A very popular method of representing microwave networks is by the scattering matrix. The scattering
matrix is generally represented in a normalized form. In this representation, the normalized reflected
voltage at each port of the network as shown in Fig. 2.10 is related to the normalized incident voltages
at the ports of the network as follows:

o= Sl Selie ot Sl
Vo = 521V++ 522V++ R SQNVJr
? ! ? . N (2.57)

‘7]\7 = SN1V1++ §N2‘72++ et S'NNVYJ;"[_
In matrix notation, the above set of equations can be expressed as

%] = [8] [¢] 259

where
_ Vl_ -
[\7‘] = : (2.59)
L Vv
_ VfL -
{Vﬂ = : (2.60)
Vy |
and . . X
511 512 §1N
. Sa1 Saa - Son
{S} = . . . . (2.61)
Sxi1 Sna -+ Sww
The scattering parameter S,,m is therefore given by
. Vn;
Smn = ﬁ |f/p+:() where p=1,...,N;p#n (262)

In terms of the incident power P; in the n'” transmission line, the amplitude of the normalized incident
voltage wave at the nt" port is given by

v+

n

VI (2.63)
Similarly, the amplitude of the normalized reflected voltage wave at the m*" port is given by
‘f/,;‘ - P (2.64)

where P, denotes the reflected power at port m.

When the values of VJ and ‘V,;‘ from the last two equations are substituted in (2.62), we obtain
[l e
Smn| =11 =1/ 5% - (2.65)
Vi P
.2
From the above equation, we see that |S,,,| denotes the ratio of power coupled from port n to port m

when V;‘ = 0, where p = 1,..., N;p # n. The last condition is readily ensured by exciting only the n"

16
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port and terminating all the ports in matched loads. Similarly:
.2
L2 n P
Son| = Tnl? = = 2.66
[ == = (266)
2

where I',, denotes the reflection coefficient at port n. Further, |S,,| denotes the fraction of the incident

power that is reflected back at port n.

The ports of a typical microwave network are usually match-terminated. Therefore, if some power is
incident in one of the ports, the reflected power and the power coupled to the other ports of the network

can be easy determined if the normalized scattering matrix is known.

17
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2.3 Broadside-Coupled Lines

2.3.1 Broadside-Coupled Striplines

General broadside-coupled microstrip lines are shown in Fig. 2.11. For ¢,1 = &, = &,, the structure
reduces to broadside- coupled striplines. For coupled striplines, the even- and odd-mode effective dielectric
constant are the same and given by

Eree = Ereo = Er (267)

The characteristic impedance of the odd-mode can be found using the following expression:

Zoon/&r = By — M5, (2.68)
where
39 S\ 2
Z8  =60In | — — 1 2.69
and
P for¥ <1/2
AZg, = { ors <1/
PQ forg >1/2

P = 270 l1 — tanh <0.28 + 1.2@)
0.48,/2% _

i+ 5592

Further, the even-mode characteristic impedance can be found using

607 K (k')
Zow = 2.71
0™ e K(k) 271)
where 293.95/b
k = tanh </) . (2.72)
ZOe\/ Er

It has been reported in [7] that (2.68) and (2.71) offer an accuracy within 1% of spectral domain results.

2.3.2 Broadside-Coupled Suspended Microstrip Lines

The structure shown in Fig. 2.11 reduces to broadside-coupled suspended microstrip lines for €, = ¢, > 1,
ero = 1. The even- and odd-mode characteristic impedances of broadside-coupled suspended microstrip
lines are given by

Zoe = 2.73

0 N (2.73)
a

Zop = Do (2.74)

where Z§, and Z§, are the even- and odd-mode characteristic impedances of the corresponding air-filled
homogeneous broadside-coupled striplines. Their values can be found using (2.68) and (2.71). Further
the even- and odd-mode effective dielectric constants are given by

(er —1)
2

1
Ereo == (e +1)+¢q

5 (2.75)
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Figure 2.11: (a) Even-Mode, and (b) Odd-Mode Field Distribution of General Broadside Coupled Mi-

crostrip Lines.

where
q = {dofc
59 —a(U)b(e,)
oo 1 Trr
o = (143
1 [U* 4 (U/52)? 1 U\’
= 14 —1 In |1+ (-—
a(U) T n[ o043z | 187 | 1T
U = 2w/S
er —0.9)"%
ble,) = 0.564
(er) 0.56 (6r+3>
and
b— S8 S
- h [1.043 40.121 (| —= | —1.164 [ ——
qec tan [ 04340 ( 5 ) 6 (bS)}
2
Eree |:1 +% <(1,1 - bl In <V;/>> (\/g_ 1):|
where
a; = [0.8145 —0.058241n (S/b)]®
a; = [0.7581 —0.071431n (S/b)]®

(2.76)

The above equations offer an accuracy of about 1% for er < 16, S/b < 0.4, and W/b < 1.2. These

conditions are usually met in practice.
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2.3. BROADSIDE-COUPLED LINES Chapter 2. Theory

2.3.3 Broadside-Coupled Offset Striplines

Broadside-coupled offset striplines are shown in Fig. 2.12. This structure is more general than the
broadside-coupled stripline configuration. Shelton [3] has given closed-form expressions for the analysis
and synthesis of broadside-coupled offset lines. Here, we present the synthesis equations only as they are
more frequently used. Two sets of equations are given, one for tightly coupled lines and the other for
loosely coupled lines. The conditions for tight and loose coupling are defined by

Tight coupling case:

> 0.35
1-s =
/
— > 07 (2.77)
Loose coupling case:
w/
> .
—s 2= 0.35
2wy
—— > 0. 2.
e = 0.85 (2.78)

In the above equations, s’ = S/b, w' = W/b, w, = We/b, and w) = Wy /b denote the normalized

e ¢ W j :]:
(o-s)/2 | b
W, W,

Figure 2.12: Broadside Coupled Off-Set Stripline

values. The coupling between TEM lines can be expressed in terms of even- and odd-mode characteristic
impedances. For a TEM coupler that is matched at all its ports:

Zoe 2o

= 2.
Zo  Zoo (2.79)

Define p as
Zoe 2o

V=gt = (2.80)

we obtain the synthesis equations given below:

20



2.3. BROADSIDE-COUPLED LINES Chapter 2. Theory

Tight coupling case:

+ = ool (550)

B - A—2++VA2 —4A
B 2
(B-1) (H) +/(B-1)° (142) +45B
p =
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T =
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Wo ot ( +S)n7"+( S)H (8’+p)(1—’l°) ( 8)
Loose coupling case:
o 1207/p
T VE
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exp (755) — 1
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S
Il
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2.4. DIRECTIONAL COUPLER Chapter 2. Theory

2.4 Directional Coupler

After a study of [4] a nonuniform broadband TEM directional coupler was chosen to be best suitable
as directional coupler for the design presented in section 3.2. This type of coupler is applicable in a
wide frequency range which is its most important property. More details on choosing the directional
coupler and the different development steps are stated in subsection 3.2.2. The principal structure of
a symmetrical multisection nonuniform directional coupler is shown in Fig. 2.13. It is built of several
sections that have different line widths and spacings according to the different odd- and even-mode
impedances of each section.

Every section causes a different coupling such that the overall coupling and the directivity should be
equal over the whole frequency range. The structure of the coupler is symmetrical with respect to the
vertical and horizontal axes that are plotted dashed in Fig. 2.13. For the measurement of the length of
the coupler there are two different scales. On the one hand there is the u-axis that measures the length
in degrees and is used for the determination of the odd- and even-mode impedances and on the other
hand there is the z-axis that measures the length in mm and is used to calculate the physical dimensions
of the coupler. As shown by @ all the elements have the same length.

e _
Z——_- Zosal| Zi M-
. Zo 2, Zenp)

Z, Lo i Zooan

0

Figure 2.13: Structure of the Directional Coupler

For the determination of the odd- and even-mode impedance of the different sections of the coupler a
weighting function is used. This weighting factor is precalculated and listed in tables in [4]. We will come
back to use this tables later. The values of the weighting function are symmetrical with respect to the
vertical axis of the directional coupler. They are different for different sections. The principal weighting
function over the u-axis is shown in Fig. 2.14.

Weighting Function w(u)
N

w, | W,
W,

~— == n

-2nm -om  -4m -2n 0 2r  4m  Om 2nm

Figure 2.14: Weighting Function for the Directional Coupler
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2.4. DIRECTIONAL COUPLER Chapter 2. Theory

The first step in the development procedure is to define the lower frequency f; and upper frequency fy
of the application frequency range. Further, the desired coupling C and the ripple factor § that describes
the ripple of the coupling versus frequency have to be defined in dB. With equations (2.83) to (2.85) the
voltage-coupling factor R, the center frequency fy and the bandwidth ratio B can be determined.

R = 107% (2.83)

fO — fL‘ng (284)
_ v

B o= (2.85)

With this characteristics the values of the normalized impedances Zy. and Zy, can be looked up in
appendix B. These impedances are used to determine the weighting factors. In the table the number
of used sections N can be found too. Using equation (2.86) the minimum number of sections n can be
determined.

- N+1

. (2.86)

From the values of the normalized impedance Zy. (i) = Zo.; given in the table the values of the weighting
coefficient w; to wy, can be determined using equation (2.87). For the value of Zj, the nominal impedance
Z of the coupler has to be used.

T Zope(m—i+1)

In

= 1R ool — 1) fori=1ton (2.87)

w;
Since all values for the calculation of the even-mode impedances of the directional coupler on certain

positions are defined now, one can determine them with equation (2.88) where equation (2.89) is already
substituted into the last expression.

L Zow R __R sin” (5)
§1HT0 = w(u)-p(u)-du-—;~ w(u)~?-du (2.88)
4 8
sin? (4
oy = 28 (2.59)
2

As the coupler is symmetrical with respect to the vertical and horizontal axis at position 0 only the values
for u < 0 have to be calculated. The variable w(u) is the weighting value for a certain position u that
can be determined according to Fig. 2.14.

The limits of u are given by —27n < u < 27n. For the evaluation of equation (2.88) the value of g is set
to 2mn. This also shows the relation between the z- and w-axis, which is given in equation (2.90).

_ ud

= 2.
4mn (2.90)

The overall length d can be calculated from the center frequency by equation (2.91), where &, is the
relative dielectric constant of the used substrate.

d="1T - 1@ (2.91)

" Bo 2foEr

With the calculations above, the even-mode impedance at a certain position on every section of the
coupler can be derived. Using equation (2.79) the odd-mode impedance can be calculated. Further, with
equations (2.81) and (2.82) the physical dimensions of the directional coupler can be determined.
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Chapter 3

Hardware Design

Generally, a bias-T is built by a high pass filter in the RF path and by a low pass filter in the DC path.
Therefore, it is started in section 3.1 with the classic design based on lumped elements. But with high
and low pass filters of higher order, problems occured because of the resonance frequencies of the coils.
Therefore, in section 3.2, an alternative design based on 3 dB 90° hybrids without coils was forced.

3.1 Design with Lumped Elements

3.1.1 Simulations with Ideal Components

The design of the bias-T fulfilling the specifications was started by a conventional design with lumped
elements, which are a low pass filter in the DC-path and a high pass filter in the RF-path. All simulations
were done with Microwave Ofﬁce®, starting with ideal transmission lines and ideal lumped elements. In
general, a large bandwidth of the bias-T can turn into a problem. But with a low and a high pass filter
of fourth order, the S-parameters of the bias-T fulfill the requirements, as shown in Fig. 3.1.

S Parameter

PORCT PORT 0
P p=2
750 Ohm C=2.5pF C=3.1pF Z=50 Ohm
-10
lsolation 33dB
-20
L=13.5nH L=5.7 nH L=24.8 nH
C=6.36 pF -30
—
= = 40
L=16.2 nH -50
C=10.39 pF 0 1 2 3 4 5
:S;BT | | | Frequency (GHz)
i -+ DB(S[1,1]l) -=-DB(|S[2,1]]) -e-DB(IS[2,3]]) -= DB(IS[1,3]])

Figure 3.1: Ideal Bias-T
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3.1. DESIGN WITH LUMPED ELEMENTS Chapter 3. Hardware Design

3.1.2 Choosing a Substrate

The substrate "Taconic RF-35-0300-C1/C1" was chosen for the design of the bias-T. "RF-35" is an
organic-ceramic laminate in the ORCER family of Taconic products. It is based on woven glass rein-
forcement. The dielectric constant parameter is 3.5 and the dissipation factor is 0.0018 at 1.9 GHz.
"RF-35" marks the dielectric constant parameter, for the thickness of 0.76 mm (0.030") which is "0300" in
the product code and "C1/C1" indicates the copper thickness of 35 pm of both sides of the laminate. For
detailed information see Appendix F. The width of the microstrip line for 50 Q2-characteristic impedance
is 1.73 mm at 6 GHz and there is no damage of the microstrip line up to a DC current of 10 Ampere.
The resistance of the line is 1.077 puQ2/mm.

A TRL calibration kit and test prints, in order to measure and characterize lumped elements, were de-
signed for this laminate. While the éﬂn‘cs were manufactured, ideal components were exchanged with
real components in Microwave Office™.

First, 50 €2 microstrip transmission line models were set between the ideal lumped elements and also
microstrip models for steps, junctions and gaps have been added. The influence of these real line seg-
ments can be seen in Fig 3.2. There are several resonances in the desired frequency range and also with
the optimization tool of Microwave Oﬁice®, it was not possible to eliminate completely these points of
resonance, as it is shown in Fig. 3.3.

S Parameters

0 F——— e e
s || -10
|
|
-10 |' 20
15 -30
20 } 40
0 2 4 6 8 10

Frequency (GHz)

— DB(IS[1,1]) (R) = DB(|S[2,2]|) (R) — DB(|S[2,1]]) (L) -= DB(|S[2,3])) (R)

Figure 3.2: Simulation Results: Real Microstrip Lines with Ideal Lumped Elements

S Parameters
0 = - 0
5 -10
-10 -20
15 -30
-20 = -40
0 2 4 6 8 10

Figure 3.3: Simulation Results: Ideal Lumped Elements Optimized
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3.1.3 Simulation with Real Components

In Fig. 3.4, we can see the simulation results of the S-parameters of the bias-T designed in microstrip
technology with the Taconic substrate and real components. These are capacitors of the ATC 500 series
from American Technical Ceramics and inductors of the 603CS series from Coilcraft. The S-parameters
of the inductors are defined in the frequency range from 50 MHz to 6 GHz only and so, only within
this bandwidth, the S-parameters of Fig. 3.4 are shown. We can clearly see resonances at 2.85 GHz and
4.95 GHz. Additionally, the insertion loss in the important frequency range, is more than 0.6 dB. But
this value is required not to exceed the limit of 0.5 dB at its worst case scenario.

The next problem is that the inductors from coilcraft are built for a current up to 2.4 A only and will
be destroyed by a current up to 8 A. There are no inductors from other companies available for these
currents, too.

S Parameters

0 2 4 6
Frequency (GHz)

-=- DB(IS[1,1]]) (R) & DB(|S[2,2]|) (R) -~ DB(|S[2,1]|) (L) - DB(|S[2,3]|) (R)

Figure 3.4: Simulation Results: Real Components

3.1.4 Results of the Simulations

As we have already seen, fundamental problems with the design of the bias-T with the required specifi-
cations have occurred. The inductivities with their resonance frequencies are causing major problems. It
is possible to move the resonance frequencies, but it is not possible to eliminate them completely from
the required frequency range. Furthermore, a high inductivity value with a high current capability is
needed but it is not possible to buy this as a lumped component. So, it would be necessary to design a
new inductor to solve this problem.

These problems are the reason why we thought of the possibility of finding another way to solve the
problem with the bias-T, best without lumped elements. Fortunately, an alternative solution was found,
as it is presented in the next subchapters.
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3.2 Realization with Quadrature Hybrids

3.2.1 General Aspects

A 3 dB hybrid coupler, as shown in Fig. 3.5, which is also called a quadrature coupler, is a four-port
device that is used either to split an input signal with a resultant 90° phase shift between output signals
equally or to combine two signals with 90° phase shift while maintaining high isolation between them.
Additionally, two ports are always connected straightly in a directional design coupler. Here, in a cross
over design, port 1 is connected with port 4 and port 2 with port 3.

Port 1 —| 3d8 L Port3 (09

L

Port 2 Port4 (907

Figure 3.5: Quadrature Hybrid

Most of the 3 dB quadrature hybrids are designed as branche-line couplers, as shown in Fig. 3.6 (a),
there, all four ports are physically connected by transmission lines. It would be no problem for the RF
to use branch-line couplers for a bias-T, but for DC there would be no separation between the ports
and consequently no separation between the RF-source, the DC-source and the DUT. Therefore, it is
necessary to use the design of directional couplers, as shown in Fig. 3.6 (b), because there are only
two ports connected by transmission lines in one branch for DC and consequently there is no physical
connection between RF- and DC-source, as it will be demonstrated next.

Input Zg Zo OULPUT |y octrip lines @
= e o~ icrostrp lines
D i (2
L
Zp g L=A/f4
Zo  TT LT 2o

@) , @

B s ——
lsolated 25 Output ||+
”

Quadrature Hybrid
(Branch-Tine coupler)

(@) (b)

Figure 3.6: Branch-Line and Directional Coupler

Microstrip Ditectional Coupler
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The idea was to connect two of these hybrids, as it is shown in Fig. 3.7, so that the splitted RF power is
combined again at the RF+DC port. But what is the advantage of this? The big advantage of this, as
shown in Fig. 3.8, is the pathlayout of the connected ports. There is the RF path, which is terminated
on the right side with an impedance of 50 2, because the whole RF power will be coupled to the other
path, the DC path. As a result of this, there are three ports left, the RF port, the DC port and the port
with RF plus DC. Theoretically, there are no losses but practically there is the insertion loss of the two
hybrids. Between the coupled paths and in the DC path the ohmic resistance of the conductor will cause
a voltage drop and self-heating at high current. But this will be less than by inductors. Furthermore,
the pulse, frequency range 100 Hz to 200 MHz, and the RF operation bandwidth of the hybrids are in a
different frequency range, so that there should be no distortion of the pulse.

It was decided to force this design for the construction of a bias-T for pulsed applications.

¥ RF

RE 30 | 3B | Isolated

Bt s | | 2 | o
¥ RF

Figure 3.7: Combination of 2 Hybrids

Figure 3.8: Bias-T with Hybrids
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3.2.2 Design of the 3 dB Hybrid

For the design of the bias-T the aim was to design a 3 dB Hybrid for the given bandwidth of 6.2 GHz. The
question, which basic principle is to use, arose: edge coupled striplines or broadside coupled striplines,
shown in Fig. 3.9. Because of the tight coupling of 3 dB, the broadside coupled stripline design was
chosen. This was verified in simulation with Microwave Office™™.

= €5
......... I . u a s T

Sl]
.......... e s s e s s

8[ sr?

Edge Coupled Broadside Couplec

Figure 3.9: Edge & Broadside Coupled Striplines

Material

For the core substrate, it was decided to use the CuFlon from Polyflon with the following specifications:

Thickness 0.1 mm
Ep 2.1

tan 0 0.00045
Copper 17,5 pm

So, the coupled lines can be positioned exactly because they are placed on the upper and lower side of
the substrate. The only impreciseness comes from the manifacturing of the prints and those are less.
For the boundary surface, Polyguide from Polyflon was chosen.

Thickness 3.175 mm
Er 2.32

tan ¢ 0.0002
Copper 35.6 pm

These substrates, see also Appendix F, were used in previous projects for similar applications and it
was found out that the low dielectric constant makes the implementation less sensitive to production
inaccuracies.

Implementation

The implementation of the hybrid is based on the theory of coupled lines and development procedures
for directional couplers, that was explained in section 2.11.

Characterization

First of all, the main characteristics of the directional coupler had to be established. Since the application
frequency range of the bias-T should be from 1.8 GHz to 8 GHz and should allow an appropriate offset
the frequency range of the directional coupler was defined to be from f; = 1 GHz to fy = 10 GHz.
Using equations (2.84) and (2.85), the center frequency and the bandwidth ratio were calculated to be
fo = 5.5 GHz and B = 10. The coupling C' of the hybrid should be 3 dB and from this, the value
of R = 0.708 was evaluated. The ripple factor § should be as low as possible. Using these design
parameters, I looked up the value of the normalized even-mode impedances in table 6.1 of [4] which is
added in Appendix B. The part of the table that is important for my 3 dB hybrid is shown in the next
subsection, where the whole development process is described.
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Simulation

The normalized even-mode impedances for a coupling of 3 dB for different ripple factors and bandwidth
ratios are shown in Tab. 3.1. Additionally, it can be found in the table that N = 9 sections have to be
used for the directional coupler. The whole table is shown in Appendix B.

4 ZOel ZOeQ ZOe3 ZOe4 2085 B
0.05 | 1.02680 | 1.09163 | 1.24706 | 1.66958 | 4.93133 | 7.365
0.10 | 1.04112 | 1.12024 | 1.29488 | 1.74863 | 5.18240 | 9.030
0.15 | 1.05391 | 1.14328 | 1.33137 | 1.80742 | 5.36886 | 10.356
0.20 | 1.06598 | 1.16366 | 1.36260 | 1.85696 | 5.52654 | 11.528
0.25 | 1.07763 | 1.18248 | 1.39075 | 1.90116 | 5.66814 | 12.615

Table 3.1: Normalized Even-Mode Impedances for 3 dB Coupling

Using equation (2.86) the minimum number of elements can be calculated to be n = 5. Using this
parameter, the constraints for u were determined as in equation (3.1) which results in a length of 20 - 7.

—10-7<u<10-7 (3.1)

The weighting factors were calculated from the used even-mode impedances (2.87). Since the band-
width ratio is 10, the values for § = 0.15 and B = 10.356 were used. These values were chosen, because
this gives the lowest ripple within the required bandwidth. With this choice, the required properties
should be met. The resulting weighting factors and the according u-range are given in Tab. 3.2.

u-Range wj (u)
21 <u <0 1.2092
—4r <u < 27 1.0186
—6m <u < —4m 0.9458
—8r <u< —6m 0.6323
—107m <u < —8w | 0.5248

Table 3.2: Weighting Factors

The evaluation of the integral (2.88) is shown in equation (3.2). According to the weighting factors, the
constraints of the ranges were chosen. In equation (3.2) the value for u is calculated to be -w. After a
simple transformation, the value for Z,c|,—_, was determined using equation (2.79).

For my implementation, I chose 80 elements over the whole length of the directional coupler. So, the odd-
and even-mode impedances had to be calculated on 41 different positions, since the direction coupler is
symmetrical to its vertical axis.

—8m —6m
1 Zoelu——m R sin? (% sin? (%
bl P Uil LD Wy - / 1 (2).du+’w4_/ n (2)-du + (3.2)
2 Z . u u

—107m —8m

—4m I T
s 20w s 20w 20w
+—§~ w3~/Sm(2)'du+w2-/Sm(2)~du+w1'/Sm(Q)

u u
T u u
—67 2 —4m 2 —27

- du

(SIS

The experience from another project [5] has shown that the number of 80 elements is a good trade off
between exact results and economic implementation.
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Broadside-Coupled Offset Striplines

Broadside-coupled offset striplines are shown in Fig. 3.10. Shelton [3] has given closed-form expressions
for the analysis and synthesis of broadside-coupled offset lines. Here, we present the synthesis equations
as they are more frequently used Two sets of equations are given, one for tightly coupled lines and the
other one for loosely coupled lines. The conditions for tight and loose coupling are defined by

Tight coupling case:

w
> 0.35
1—-s" =
/
s—/c > 0.7 (3.3)
Loose coupling case:
w/
— > 035
1—-s =
2wy,
> 0.85 34
1+s — (34)

In the above equations, s’ = S/b, w' = W/b, w,, = W, /b, wy = Wy /b denote the normalized values

(b-s)/2

Figure 3.10: Broadside Coupled Off-Set Stripline

With the MatLab® program developed in [5] which has been modified for broadside coupled off-set
stripline, see also Appendix A, the following parameters were calculated and are summed up in Tab. 3.3:
Angular position U; absolute position x; Zeyen and Z,qq; the line dimensions W, W, for the case of
tight coupling and W, W¢ for the case of loose coupling and the limits for the validity of loose and tight
coupling.
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U X/Hlm ZOe/Q ZOO/Q Wtight/mm W(Jtight/mm
-31.415 | -45.575 | 50.00 50.00 6.822 7.107
-30.630 | -44.435 | 50.03 49.97 6.817 7.102
-29.845 | -43.296 50.22 49.77 6.786 7.068
-29.059 | -42.156 50.66 49.34 6.716 7.994
-6.283 -9.115 90.88 27.50 3.211 3.164
-5.497 -7.975 91.57 27.30 3.179 3.127
-4.712 -6.836 96.59 25.88 2.957 2.872
-3.927 -5.696 110.81 22.56 2.445 2.266
-3.141 -4.557 139.67 17.89 1.749 1.389
-2.356 -3.418 187.87 13.30 1.114 0.450
-1.570 -2.278 235.02 9.88 0.715 complex
-0.785 -1.139 315.69 7.91 0.551 complex
0 0 342.60 7.29 0.5176 complex

Wicose | Wcioose | tight > 0.35 | tight > 0.7 | loose > 0.35 | loose > 0.85

void void 1.07 -2.84 void void
5.542 -12.340 1.07 -2.84 0.87 5.46
5.541 -8.223 1.06 -2.82 0.87 4.20
5.539 -6.008 1.05 -2.77 0.87 3.52
3.210 0.042 0.50 0.46 0.50 0.96
3.178 0.049 0.50 0.51 0.50 0.95
2.957 0.082 0.46 0.85 0.46 0.87
2.445 0.174 0.38 1.78 0.38 0.69
1.749 0.348 0.27 3.60 0.27 0.42
1.114 0.623 0.17 6.64 0.17 0.14
0.715 0.980 0.11 complex 0.11 -0.08
void void 0.08 complex void complex
void void 0.08 complex void complex

Table 3.3: Physical Parameters

It is not necessary to show all 40 elements of the coupler in Tab.3.3 to explain the basic problem. The
whole table is shown in Appendix C. In Tab. 3.3, the parameters, where the theory of tight and loose cou-
pled off-set striplines are not valid, are marked bold. This is the case where coupling should be strongest.
The physical length of the directional coupler is d = 91.2 mm, calculated with equation (3.5), so that the
minimum length of the bias-T would be more than 183 mm.
nm nco
d By~ 2oV (3.5)

There is a risk of damaging the whole bias-T, if the width W of coupled lines would be too narrow for the
maximum flowing current. For a solution of these problems, this structure of 80 elements was simulated
and optimized in Microwave Office'™ .
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Simulations with Microwave Ofﬁce®

In Microwave Ofﬁce®, models of broad side coupled offset striplines, see Fig. 3.11, were used to build
the directional coupler with 80 elements.
There are two possibilities to determine the physical dimensions of the elements. Firstly, by the theory

W1=W mm
W23V mm
L=1.14 mm
Offs=Wo mm

1 3

Figure 3.11: MWO Model for Broadside Offset Coupled Lines

of broadside coupled offset striplines. But the elements in the middle of the directional coupler had
invalid values because of the limited validity of the theory. So, I tried to find the optimum dimensions
of these elements with the optimization tool from Microwave Office’™” resulting in physically impossible
dimensions. Secondly, it is also possible with Microwave Office® to optimize the physical parameters of
broadside coupled offset striplines with the values of Zpeyen and Zy,qq which are known from section 6.3
for each element. For this method the results were unphysical as well. Simulation results for both methods
can be seen in Fig. 3.12. The structure of the coupled elements, used for simulation in Microwave Ofﬁce®,
is shown in Fig. 3.13.

1 3 5 7 : ] 10
Frequency (GHz) Frequency (GHz)
- DB(IS[1,11)) -o- DB(IS[2,111) & DB(ISE,11) =- DB(IS{4,11)) - DB(1S[1,1])) -e- DB(IS[2,1]]) -= DB(ISB,11) » DB(IS4,1]])
With Lines Widths Determined from Theory Design with Z,, and Z,,

Figure 3.12: Simulation Results for both Design Methods
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Figure 3.13: Structure of the Coupled Elements in MWO

So, the next step was to optimize these results with Microwave Office®. There were a lot of runs with
modified optimization goals. One run took about one week until I could see if the results got better. In
Fig. 3.14, one of the best results of these optimizations is shown.
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Figure 3.14: Optimized Coupler

Then, I also tried to optimize the direction coupler starting with one frequency point for 3 dB coupling.
I enlarged the frequency range step by step up to the desired bandwidth. But there was no chance to get
the 3 dB coupling over the whole bandwidth.

The next idea was to leave the concept of symmetrical broadside coupled lines, so that Microwave Office®
could optimize with different values of W1 and W2 from Fig. 3.11. Because of this, the number of
parameters to optimize was doubled and so the time for the optimization also increased. The results of
these optimizations were better, if only the S-parameters of the coupler are noticed. But having a look
at the physical dimensions of the lines and the offsets, it became clear that these results are not usable,
because of the big differences of the width and the offset of the adjacent elements. So, partly, there is no
possibility of physical connection between these elements.
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3.2.3 Internet Investigation of the Commercially Available 3-dB Hybrids

Because of the nonsatisfying results of the development of an own 3 dB hybrid and the large unfavorable
dimensions of one directional coupler, I started an investigation on 3 dB directional couplers in the
internet. I found some models from the following companies: Krytar, Merrimac, Sage-Filtronic, ETT.

Krytar: isolation | insertion loss

frequency range average power | price
Mod. 3020080 2.0 to 8.0 GHz > 19 dB < 0.65 dB 20 W 538 €
Mod. 1230 1.0 to 12.4 GHz >20 dB <1.4dB 20 W 980 €
Merrimac:
Mod. QHD-3C-10G 2.0 to 18.0 GHz 15 dB 2 dB 30 W 280€
ETI:
Mod. HY 112-90 1.0 to 5.0 GHz >20 dB 1.2 dB 20 W 750 $
Mod. HY-059-90 0.5 to 9.0 GHz >20 dB 1.2 dB 20 W 995 §
Sage-Filtronic:
Mod. 2375-3 2.0 to 8.0 GHz 20 dB 0.4 dB 50 W 592 €

Theoretically, it would be possible to build the bias-T with all of them. Disadvantages are either the
high costs or the minimum number of items to order. All of them should be tested to find the one with
the best RF properties and the maximum DC current. It would be too expensive to loose one of them at
these tests. Besides, they are all built in cases with large dimensions with coaxial connectors like SMA.
Comprising, I can say that there are only a few of 3 dB directional couplers with the required bandwidth
to find on the commercial market and those are expensive. So, I started to search for cost efficient
directional couplers with reduced bandwidth and I found some at Anaren, which will be presented in the
next subsection.
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3.2.4 Design of the Bias-T with Anaren Xinger®

On the homepage of Anaren I found 3 dB Hybrids which have small physical dimensions and have a
surface mount package design which is easy to use. The price is also acceptable, but it was clear that
it is not possible to cover the whole required bandwidth with one coupler. Therefore, firstly, I had to
choose those which have the best characteristics for my thesis. For each coupler, there is a file of the
S-parameters available on the hompage of Anaren. So, with Microwave Office"”, it was possible for me
to make a choice and so, I decided for the Models 11306-3 and 1M803. For detailed information see
Appendix E.

Anaren Xinger® Model 11306-3

The specifications of this model are:

Frequency Range: 2.0 - 4.0 GHz
Isolation > 20 dB
Insertion Loss <0.35 dB
Power (Ave. CW) 60 W
OJc 24.6 °C/W
Operating Temp. -55 to +85 °C'

Table 3.4: Electrical Specifications of Model 11306-3

With the S-parameters provided from Anaren a bias-T built with two of these hybrid couplers has
theoretically the following characteristics.

S Parameters

0
-13.3
-26.7
2
-40
SUBCKT P-QI o 0 2 4 8
%‘“ ID=82 Z=50 Ohm Frequency (GHz)
e NET=113063"

~a- DB(IS[1,1]]) (R) -= DB(1S[2.2])) (R) -= DB(IS[2,1]]) (L) -e-DB(IS[3.2])) (R)

Figure 3.15: Theoretical S Parameters with Anaren 11306-3

In Fig. 3.15 it is possible to see, that a bias-T with an insertion loss of 0.5 dB and a return loss of better
than 15 dB at port 1 and port 2 would have a frequency range from 1.48 GHz to 4.2 GHz. The idea was
to build one bias-T with a frequency range from 1.8 GHz to 2.5 GHz with a return loss at port 2 up to
7.5 GHz better than 10 dB. Because at large signal excitation transistors produce harmonics and these
harmonics should be terminated by the bias-T. A second one for the whole possible bandwidth with no
additional matching of Sos.
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Anaren Xinger® Model 1M803

The specifications of this model are:

Frequency Range: 5.0 - 6.0 GHz
Isolation > 20 dB
Insertion Loss <0.25 dB
Power (Ave. CW) 20 W
OJc 78.1°C/W
Operating Temp. -55 to +85 °C

Table 3.5: Electrical Specifications of Model 1M803

With the S-parameters provided from Anaren a bias-T built with two of these hybrid couplers has
theoretically the following characteristics.

S Parameters
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Figure 3.16: Theoretical S Paramters with Anaren 1M803

The S-parameters of the Model 1M803 are only specified from 3 GHz to 6 GHz and, therefore, the
insertion loss Sis, in Fig. 3.16, becomes positive and invalid outside this frequency range. Within this
bandwidth, the insertion loss and the matching of S1; and Soo are very good.

The next step was to define the DC current characteristics of these two Hybrids and their RF character-
istics over the whole bandwidth of 10 GHz.
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Tests of the Hybrid Couplers

Firstly, I tested how much current can flow through the couplers without destroying them. Therefore, I
measured the case temperature of the coupler at slowly increasing DC current level up to a maximum
case temperature of 85° C The maximum current depends directly from the used heatsink and the heat
transmission from the coupler to the cooling element.

With the substrate Taconic RF-35-0300-C1/C1, see appendix F, small test prints for both couplers, see
Fig 3.17. were designed to get more realistic S-parameters for bias-T over the whole bandwidth and to
test which cooling method is the best.

Figure 3.17: Testprints for Mod. 11306-3 and 1M803

In Fig. 3.17 the packages of the couplers are marked with green color. For the proper function of the
couplers it is necessary that there is a good connection to the ground of the package. Therefore, there
has to be a high number of vias underneath the couplers. At these test prints, they were made by drill
holes and hand soldered thin wires before the coupler got soldered onto the prints.
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Figure 3.18: S-Parameters of the Test Prints

In Fig. 3.18, the S-parameters of the bias-T's mounted on the Taconic substrate is shown. The red marked
graph shows the insertion loss, given by the specification of the couplers in an ideal environment.

The bias-T for the lower frequency range has an insertion loss of 0.5 dB from 1.43 GHz to 3.7 GHz, the
return loss of S1; and Sgo is always better than 16 dB within this bandwidth.

The bias-T for the higher frequency range, has an insertion loss of 0.5 dB from 2.6 GHz to 5.7 GHz, the
return loss of S1; and Sos is always better than 17 dB within this bandwidth.

The testprints were connected via SMA female connectors and during this measurement, the DC-port
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and the Termination-port were terminated with 50 Q. If the DC-port is terminated with a short circuit
to simulate a power supply, the insertion losses do not change and the S1; and Sgs parameters only get
worse outside the bandwidth of good coupling.

I futher observed that it is only possible to place a cooling element under the coupler on the ground plane
of the prints, because a cooling element directly placed on the couplers detesiosates the S-parameter
performance of the couplers. For the test prints, a heatsink was adapted with the dimensions 58 mm x
20 mm x 50 mm, see Fig. 3.19.

Figure 3.19: Heatsink of the Test Prints

The temperature at a current of 8 Ampere was 73.7 °C' at the package of the couplers of Mod. 11306-3
and 72.7 °C at the heatsink. At the bias-T with the two couplers of the Mod. 1M803, the temperature of
the couplers was 51 °C' and the temperature of the heatsink was 41 °C. The difference of the temperature
between the case of the coupler Mod. 1M803 and the heatsink is 10 °C. The reason therefore is, that
the case of the coupler 1M803 has smaller dimensions than the package of the Mod. 11306-3 and so, the
thermal resistance is higher because of the lower area for heat conduction.

At these measurements, I also identified the ohmic resistance of the coupler, which are as follows:

Model | Resistance
11306-3 27 mS)
1MS803 13 mQ

Table 3.6: Ohmic Resitance

The difference of the electrical resistance of the coupler is the reason why Mod. 11306-1 had a higher
temperature at the same current as Mod. 1M803.

Next, I tested if the couplers distort the DC-pulse from the pulser, but there was no distortion to observe.
Last, I checked if the couplers would physically bear a current of 8 Ampere. They did, the small lines
inside the coupler were not destroyed like a fuse, but they needed a larger heatsink to eliminate the
thermal dissipation loss.

Now, it was clear that these couplers fulfill all demands for the bias-T, so that the final design was able
to get started.
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Final design of the Bias-Ts

The first question was, how many different bias-Ts would be necessary to build? I decided as follows:

e One to combine the pulse with DC.

e One for the fundamental frequency range from 1.8 to 2.5 GHz with a return loss for the harmonics

up to 3,4 order (3.6 to 7.5 GHz) at the RF+DC port of > 10 dB.

e One for the lower frequency range, aprox. 2 to 4 GHz, with a bandwidth as large as possible.

e One for the upper frequency range, aprox. 4 to 6 GHz, with a bandwidth as large as possible.

The second question was, which case should be taken for the bias-Ts to have a compact design as well as
enough space to place the heatsink. I chose cases from Telemeter Electronic GmbH company, the series
SG for the bias-T for pulse and DC and the series PGS for the others. The bottom of the case was
exchanged with the heatsink, which was aligned to the dimension of the cases. The ground plane of the
prints had to have a direct and absolutely plane contact to the heatsink for a low thermal resistance.

So, thirdly, I had to choose another substrate for the bias-T's where it was possible for Printex company
to make vias automatically. There was no big choice and I took the Rogers R04003C. Please, also check

appendix F.

er 3.38
tand 0.0021
thickness 508 um
copper cladding 34 um
W of 50 2 line | 1.18 mm

Table 3.7: Rogers R4003C
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Implementation of the Bias-T with Harmonic Matching

With Microwave Office"Y, a circuit which not only allows to eliminate the harmonics but also to measure
them was designed, see Fig. 3.2.4. But the attention does not lay on a reduced insertion loss from the
RF+DC port and the harmonics port, but rather on a good matching of the RF+DC port within the
frequency range of the harmonics.

NET#50050R5™
C4=05pF

NET250080R3"
C2=03pF
1 | 1

NET*S0051RE"
CS=18pF

Hormanics

Schematic of Bias-T with Harmonic Matching

41



3.2. REALIZATION WITH QUADRATURE HYBRIDS Chapter 3. Hardware Design

In the schematic depicted in Fig. 3.2.4 the capacitors are from ATC and the required inductivities are
designed as lines. The simulated S-parameters are shown in Fig. 3.20, where S1; belongs to the RF port,
Soo to the RF4+DC port and S33 to the port of the harmonics.

S Parameters
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Figure 3.20: Simulated S Parameters of Bias-T with Harmonic Matching

In the simulation, the bandwidth of the insertion loss of 0.5 dB ranges from 1.5 GHz up to 3.1 GHz and
within this bandwidth, the return loss of S1; and Sy is better than 18 dB. Outside this bandwidth, the
return loss of S5 is also better than 13 dB.
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So, a layout for this circuit and the bias-Ts with the couplers Mod.11306-3 and Mod.1M803, as shown in
Fig. 3.21, were designed and then produced by Printex company.
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Figure 3.21: Layout of the Bias-Ts

For the bias-T with harmonic matching, the case PGS60-80-22-TR was chosen. Therefore, the dimensions
of the print are 72 x 52 mm and for the other two bias-Ts the case PGS60-60-22-TR, was chosen and so
the prints are 52 x 52 mm, as shown in Fig. 3.22.

Figure 3.22: The Prints of the Bias-Ts
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Implementation of the Bias-T to combine Pulse and DC

The bandwidth of the pulse is 200 MHz and so it is necessary to build a bias-T for low frequency. This
is only possible with lumped elements, as shown in Fig 3.23. The most important thing at this bias-T
is, that the pulse will not be distorted. With field-tests without a case, I found that with a capacitor of
300 pF and an inductor of 100 mH the droop of a pulse with a pulsewidth of 100 us is about 2.5 %.
The inductivity of 100 mH is built by two inductivities of 50 mH and both of them are made with a ring
ferrite with the dimensions of @ = 50 mm and h = 20 mm and A; = 8700. The inductivity of the coil is
L = A;* N? where N is the number of windings, at this case N = 76.

One coil has an ohmic resistance of 115 mf2, so, the complete resistance is 230 mf). That is quite a lot
and the potential drop became a nasty problem at higher current. Most of the measurements with the
pulser will be done with smaller pulse and so, I also built an inductivity with only one coil with a thicker
wire of 1.5 mm? instead of 1 mm?, with only N = 48 number of windings and an inductivity of 20 mH.
The exact performance is shown in subsection 4.4.

P3 DC
C=100 uF
I | |—.
L=20 mH /
100 mH
C=300 uF
P1 Pulse P2 Pulse + DC

Figure 3.23: Schematic of Bias-T to Combine Pulse and DC
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Chapter 4

Measurements

This chapter gives an overview of the final design of the bias-Ts, where modifications were necessary, the
resulting and their final electrical parameters.

4.1 Bias-T with Harmonic Matching

4.1.1 S-Parameters

The final main bias-T, as shown in Fig. 4.1, should have a fundamental frequency range from 1.8 GHz
to 2.5 GHz with an insertion loss of 0.5 dB and a return loss Sss at the RF4+DC port for the harmonics
up to the 3" order in the frequency range of 3.6 GHz up to 7.5 GHz of 10 dB.

This bias-T has five ports:

Figure 4.1: Final Bias-T with Harmonic Matching

Port 1 RF

Port 2 RF+DC
Port 3 DC

Port 4 Termination
Port 5 Harmonics

The first measurement results of the most important S-parameters are shown in Fig. 4.2. It can be seen,
that the insertion loss Si is < 0.5 dB and also the return losses S11 and Ss; are better than 15 dB in
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the frequency range from 1.8 GHz to 2.5 GHz. But the return loss Soo within the frequency range from
5 GHz to 5.5 GHz has a less good performance and is lower than 10 dB. At this measurement, all ports,
except port 3, were terminated with 50 €2, port 3 was terminated with a short circuit to simulate the low
resistance of a DC-voltage supply and the case was open.

In order to get a better performance of the return loss, modifications of the circuit were necessary.

S Parameter
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Figure 4.2: 15* Measured S-Parameters

There were different possibilities to optimize Sos. Firstly, by the values of the capacitors and inductivitors.
By the capacitors in order to exchange them with capacitors of different value of capacity and by the
inductivitors by altering the length of the lines. Secondly, by trimming the width of the transmission
lines to vary the impedance of the transmission lines. This can be done by cutting to make them thinner
and soldering thin copper foil on the transmission lines to make them wider.

The same effect as simulated was observed for changes. Reducing the peak of Sy at 5.3 GHz below
-10 dB, in most of the cases, it also reduces the frequency range of Si2 and the insertion loss of Soq
increases. I tried to find a compromise with the aim to increase the return loss Sss of 10 dB and hold
the insertion loss of So; as low as possible.
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The best trade-off was found by leaving the inductivitors unchanged. Only the 0.5 pF capacitor C1 to
ground in Fig. 3.2.4 was replaced by a capacitor of 0.7 pF. Most of the modifications of the S-parameters
were done by trimming the transmission lines.

A full five port measurement of the S-parameters was done where all ports were terminated with 50 Q
and the top of the case was open. To have a clear overview of the S-parameters, the most important ones
like Sll, SQQ, S21 and S52 are shown in Flg 4.3.
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Figure 4.3: Modified Bias-T with Open Case

The insertion loss between 1.8 GHz and 2.5 GHz is now < 0.516 dB, which is a little bit worse than in
the original configuration. The return loss of port 1 and port 2 within this frequency range is still better
than 15 dB. The return loss of port 2 in the frequency range of the harmonics up to 3"¢ order, which
ranges from 3.6 GHz to 7.5 GHz, is now better than 10 dB.

There is only a low ripple in the frequency range between 7.5 GHz and 7.9 GHz, where the insertion loss
is worse than 10 dB and where the peak value is 9.13 dB. In the frequency range from 7.9 GHz up to
10 GHz the return loss is again better than 10 dB. Consequently, there is also a good return loss up to
the harmonics of 5" order for RF frequencies between 1.8 GHz and 2 GHz.

The insertion loss Sz between port 2 and port 3 for pulse and DC is better than 3.5 dB within the
frequency range from 0 to 200 MHz.

The insertion loss S5 of the harmonics of 3" and 5" order from port 2 (RF+DC) to port 5 (Harmonics)
is better than 1.5 dB.

In Fig. 4.4 the insertion losses Sy and Syo are shown. This is the part of the RF power from port 1
and port 2 that has to be absorbed by the termination at port 4. Because of the fact that the power loss
in the termination is directly proportional to the RF power levels at port 1 and port 2, the termination
was not realized on the substrate as a SMD 50 € resistor to allow high power termination at the SMA
connector and to characterize isolation by S-parameter measurement.
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The minimum of the insertion loss of port 4 is at 6.5 GHz with 1.8 dB, but this is fairly out of the
specified frequency range of port 1. Within this specified frequency range from 1.8 GHz to 2.5 GHz, the
insertion loss S41 is > 18.5 dB and the insertion loss Sio is > 28 dB. The minimum insertion loss Sys is
13 dB at 4 GHz.
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Figure 4.4: Power Loss at Port 4

Next, the bias-T was measured with closed case. The result of this is shown in Fig. 4.5 where it can be
seen that there are resonance frequencies at:
3.5 GHz, 4.97 GHz, 6.05 GHz, 7 GHz, 8.61 GHz, 9.3 GHz and 9.5 GHz
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Figure 4.5: Closed Case

This resonance frequencies can be illustrated by the theory of the cavity [6]. The resonance frequencies

are given by
f _ &, m ’ 4 n i + P ’ (4.1)
res,mnp 2 I 1 2 .

where cq is the speed of the light, z; is the inner width, y; the inner height and z; the inner length of
the case. For this case the following numbers are valid:

T 52 mm
U1 12 mm
z1 72 mm
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For TE,,,;, mode oscillations m or n can be 0 but p must not be 0.

TE101 3.55 GHz
TElOQ 5.06 GHz
TE201 6.12 GHz
TEQOQ 7.10 GHz
TE301 8.89 GHz
TE302 9.59 GHz
TE303 10.66 GHz

Table 4.1: Resonance Frequencies

To eliminate the resonance frequencies, an electromagnetic absorber was placed on the inner side
of the cap, as shown in Fig. 4.7. Two different absorber materials were tested, both from the ARC
Technologies company:

e Magnetic Absorber UD-11554 with a thickness of 4.4 mm and a frequency range from 2 to 6 GHz
(Fig. 4.6 a)

e Dielectric Absorber LS-10055 with a thickness of 3.1 mm and a frequency range from 4 to 26 GHz
(Fig. 4.6 b)
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Figure 4.6: Closed Case with Magnetic Absorber (a), Dielectric Absorber (b)

Both absorber materials eliminate the resonance frequencies, but they also absorb RF energy and as
a result of this, the insertion loss becomes worse. With the dielectric absorber LS-10055, this effect was
not so strong as with the magnetic absorber. Finally, the dielectric absorber LS-10055 was chosen, as
shown in Fig. 4.7.

Figure 4.7: Cap with Dielectric Absorber
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Finally, the S-parameters of the bias-T with closed case and a short circuit at port 3 (DC) to simulate
the effect of a power supply, were measured. The results are shown in Fig. 4.8.
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Figure 4.8: Final Bias-T for Harmonics

Concluding, the final specifications of this bias-T are summed up in table 4.2.

Insertion Loss Sa < 0.53 dB
Return Loss S11 & Sag > 17 dB
Return Loss Sop harm. > 10 dB
Additional Parameters:

Isolation Sa1 to Sas > 20 dB
833 S 2GHz S -20 dB
Saa < 200 MHz <-20dB
S55 Z 5.1 GHz S -9 dB
Sa3 0 - 200 MHz <3.5dB
S5o > 5.4 GHz > 1.5 dB

Table 4.2: Table of S-Parameter

Beside a negligible degradation in insertion loss (0.53 dB instead of required 0.5 dB), this bias-T satisfies
all required specifications for pulsed application and high current levels.
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4.1.2 Thermal Tests with RF Power and DC Current
RF Power

Next, the bias-T was tested with an RF signal of 1.96 GHz up to a power of 70 W. At this frequency, the
bias-T has an insertion loss of 0.53 dB. The power was measured at the input and at the output of the
bias-T and the temperature was measured at the cases of the couplers and at the heatsink of the bias-T.
The ambient temperature during the measurement was 22 °C.

’ Pin [dB] ‘ Pout [dB} ‘ PA [dB] ‘ Pin [W} ‘ Pout [W] ‘ PA [W] ‘ Tcoup [OC] ‘ Tcase [OC] ‘ AT [OC} ‘

30.25 29.71 0.54 1.06 0.94 0.12 254 25.2 0.2
33.52 33.00 0.52 2.25 2.00 0.25 25.9 25.5 0.4
36.90 36.38 0.52 4.90 4.35 0.55 26.6 25.8 0.8
40.07 39.53 0.54 10.16 8.97 1.19 28.4 26.8 1.6
42.87 42.34 0.53 19.36 17.14 2.22 31.7 28.6 3.1
45.40 44.89 0.51 34.67 30.83 3.84 41.3 35.7 5.6
46.21 45.70 0.51 41.78 37.15 4.63 45.0 38.0 7.0
46.94 46.42 0.52 49.43 43.8 5.58 49.2 41.3 7.9
47.61 47.07 0.54 57.68 50.93 6.74 53.6 44.0 9.6
48.17 47.63 0.54 65.61 57.94 7.67 57.3 46.7 10.6
48.41 47.87 0.54 69.34 61.24 8.11 59.2 47.6 11.6
48.45 47.90 0.55 69.98 61.44 8.32 59.8 48 11.8

Table 4.3: RF Power Measurement
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Figure 4.9: Bias-T Temperature vs. RF Power

With an input power of 70 W the power loss in the bias-T is 8.32 W. The temperature of the couplers is
59.8 °C and the temperature of the heatsink is 48 °C. The maximum temperature of the couplers should
be kept below 85 °C. Consequently, reading the thermal limit, it would be possible to use the bias-T
for more input RF power. But the maximum RF power for continuous wave is given from Anaren with
60 W. Though, the 70 W were no problem for the couplers. But there is no guarantee that more RF
power would not destroy the hybrids.
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DC Current

The heating of the bias-T with DC current was tested up to a current of 8 Ampere. The resistance of
the DC path is 78 m(2 and the ambient temperature during the measurement was 22 °C.

[TTA] [P W] | Teoup [°C | Tease [°C] | AT [°CT |

1 0.08 24 23.8 0.2
2 0.31 26.1 24.9 1.2
3 0.70 30 27 3
4 1.25 35.2 29.5 5.7
5 2.00 42.2 33.3 8.9
6 2.80 52.8 39.3 13.5
7 3.82 64.7 44.5 20.2
8 5.0 78.5 50.3 28.2

Table 4.4: DC Current Measurement

— T

coupler
case
— AT

DC Currént [A]

Figure 4.10: Bias-T Temperature vs. Current

With a DC current of 8 A the power loss is 5 W resulting in a temperature of the couplers of 78.5 °C
and in a temperature of the heatsink of 50.3 °C. For a maximum temperature of the couplers of 85 °C
the current has to be limited to 8 A.
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Summary of Thermal Measurements

Since RF power will be lost mainly in the couplers due to their ohmic resistance, the thermal resistance
for DC power is much worse than for RF power. RF power loss will not only occur in the couplers but
also in the microstrip transmission lines and, therefore, resulting in a lower temperature increase than
for DC power.
With a maximum temperature of the couplers, there is a safe operation area of the bias-T with the
combination of RF power and DC current, as shown in Fig. 4.11. This figure is only valid for an RF
frequency of 1.96 GHz and an ambient temperature of 22 °C. Although it can be assumed to be sufficiently
correct for the whole operation bandwidth. The safe operation area for different ambient temperature
may be derived by

T =Tamp + Prr - Rrnrr + Ipe - Rpe - Rra,pe (4.2)

where the resulting temperature my not exceed 85°C.
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6
DC Current [A]

Figure 4.11: Safe Operation Area of the Bias-T

| - 8 A Tcoupler =179°C Tease = 50 °C
PmaacCW 0 W Tcoupler =60 °C Tcase =48 °C
Tmaa:Couple'r 85 °C
RDCpath 78 mS)
Rorn.nr 1.4°/W
Rrn,po 4.8 °/W

Table 4.5: Limits of RF Power and DC Current
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4.1.3 Measured DC Pulses

To check if a DC pulse is distorted by the bias-T, the shortest pulse from the pulser AVRF-2-B with 100 ns
and the longest one, with 100 ps were measured at the input and output of the bias-T. The measurement
setup is shown in Fig. 4.12. The bias-T (DUT) is placed between two attenuators of 10 dB. The first one
is used because the pulser has an output impedance of only 6 2. Using the attenuator, the bias-T faces
an impedance of 50 €2. The second attenuator in front of the input of the oscilloscope is needed because
the maximum voltage at the input of the scope may not exceed 5 V at an input impedance of 50 2.

AT AT
10 0B DUT 10 0B sald L
; 2

(=)

Figure 4.12: Configuration for Pulse Measurements

In Fig. 4.13 results with pulses with a pulsewidth of 100 ns are shown. One pulse was directly from
the pulser output and the other one at the bias-T output. There is no distortion of the pulse by the
bias-T. Only a short delay time of the pulse through the bias-T is seen.

In Fig. 4.14, the result with the longest pulse possible with the used pulser is shown. The length of this
pulse is 100 us and there is also no distortion of the pulse by the bias-T at this pulsewidth.

Pulsewidth 100 ns
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Figure 4.13: Short Pulse Measured
Pulsewidth 100ps
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Figure 4.14: Long Pulse Measured
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4.2 1° Bias-T without Harmonic Matching

A bias-T with the same coupler type was built for applications where a matching of harmonics is not

necessary.

4.2.1 S-Parameters

The final bias-T, as it is shown in Fig. 4.15, is a four port device. The frequency range depends on the

acceptable insertion loss value.

Figure 4.15: Bias-T without Harmonic Matching

Port 1
Port 2
Port 3
Port 4

RF

RF+DC

DC
Termination

In Fig. 4.15, the S-parameters of the bias-T with opened cap are shown. The return losses S1; and Sao
are better than 17 dB and the insertion loss depends on the following frequency ranges:

| Insertion Loss [dB] | Frequency Range [GHz] |

0.5 1.68...2.35
0.6 1.50...3.30
0.7 1.43...3.80
0.8 1.35...4.10
0.9 1.28...4.26
1.0 1.25...4.33
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S Parameter

0 0
-1 -6
-2 -12
-3 -18
-4 -24
. VA

0 2 4 3]
Frequency (GHz)

~-DB(IS[1,1]) (R) -=-DB(|S[2,2]|) (R) - DB(IS[2,1]]) (L)

Figure 4.16: Without Cap

With equation 4.1, the resonance frequencies with closed cap are calculated. The parameters are: x; = 52
mm, y1 = 12 mm and z; = 52 mm. The table of the resonance frequencies is:

TElgl 4.08 GHz
TE102 6.44 GHz
TE201 6.44 GHZ
TE202 8.15 GHz

Table 4.6: Resonance Frequencies

S Parameter

4
Frequency (Ghz)
-+ DB(|S[1.1]1) (R) & DB([S[2,2]]) (R) -~ DB(IS[2,1])) (L)

Figure 4.17: Closed Case

In Fig. 4.17 the measured points of resonance frequencies are shown. They are close to the calculated
points. To eliminate these resonance frequencies, the dielectric absorber LS-10055 with a thickness of 3.1
mm and a frequency range from 4 to 26 GHz was used.
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Chapter 4. Measurements

The last measurement of the S-parameters, shown in Fig. 4.18, was done with a closed case.

S Parameter

Frequency (GHz)

-~ DB(IS[1,1])) (R) & DB(IS[2,2])) (R)

-6~ DB(|S[2,1]) (L)

- DB(IS[2,3])) (L)

Figure 4.18: Final Bias-T without Harmonics

The return losses S1; and Sas are better than 17.7 dB and the insertion loss is listed in the table below:

| Insertion Loss [dB] | Frequency Range [GHz] |

0.5 1.68...2.35
0.6 1.50...3.30
0.7 1.43...3.80
0.8 1.35...4.10
0.9 1.28...4.26
1.0 1.25...4.33

Table 4.7: Insertion Loss of the Bias-T without Harmonic Termination

4.2.2 Thermal Test with RF Power and DC Current

RF Power

In the next step, the bias-T was tested with an RF signal of 1.96 GHz up to a power level of 70 W. At
this frequency, the bias-T has an average insertion loss of 0.56 dB. The power was measured at the input
and at the output of the bias-T and the temperature was measured at the cases of the couplers and on
the heatsink of the bias-T. The ambient temperature during the measurement was 25 °C.
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| Pin [dB] [ Poue [dB] [ Pa [dB] | Pin [W] [ Pout [W] [ Pa [W] | Teoup [°C] | Tease [°C] | AT [°CT |

30.20 29.68 0.52 1.05 0.93 0.12 25.4 25.2 0.2
33.44 32.99 0.45 2.21 1.99 0.22 25.6 25.3 0.3
36.80 36.26 0.54 4.79 4.23 0.56 26.5 25.9 0.6
39.94 39.34 0.55 9.86 8.69 1.17 28.1 26.9 1.2
42.74 42.19 0.55 18.79 16.56 2.24 31.4 29.0 24
45.35 44.79 0.56 34.28 30.13 4.15 37.6 32.9 4.7
46.11 45.52 0.59 40.83 35.65 5.19 39.6 34.0 5.6
46.84 46.25 0.60 48.31 42.17 6.14 42.5 35.9 6.6
47.51 46.91 0.61 56.36 49.09 7.27 46.8 39.9 7.5
48.08 47.47 0.61 64.27 55.85 8.42 50.8 41.8 9.0
48.32 47.71 0.61 67.92 59.02 8.90 53.1 43.1 10.0
48.44 47.83 0.61 69.82 60.67 9.15 593.2 43.2 10.0

Table 4.8: Measurement Results with RF Power
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40 e 8
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Figure 4.19: Bias-T Temperature vs. RF Power

With an input power of 70 W the power loss is 9.15 W, the temperature of the couplers is 53.2 °C and the
temperature of the heatsink is 43.2 °C. The maximum temperature of the couplers shall not exceed 85 °C
and the maximum RF power shall not exceed 60 W CW. But 70 W were no problem for the couplers,
but there is no guarantee that more RF power would not destroy the hybrids.
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DC Current

The heating of the bias-T with DC current was tested up to a current of 8 Ampere. The resistance of
the DC path is 78 m(2 and the ambient temperature during measurement was 25 °C.

[TTA] [P W] | Teoup [°C | Tease [°C] | AT [°CT |

1 0.08 25.2 25.1 0.1
2 0.30 26.6 25.8 0.8
3 0.67 30.0 28.1 1.9
4 1.20 34.1 30.7 3.4
5 1.88 41.6 36.5 5.1
6 2.70 48.8 40.6 8.2
7 3.68 58.3 46.5 11.8
8 4.8 71.0 54.5 16.5

Table 4.9: DC Current Measurement Results

B0 T T T T T T

coupler
case

20|
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DC Current [A]
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Figure 4.20: Bias-T Temperatur vs. DC Current

With a DC current of 8 A the power loss is 4.8 W, the temperature of the couplers is 71 °C and the
temperature of the heatsink is 54.5 °C. For a maximum temperature of 85 °C of the couplers, the current
of 8 A is not the absolute limit, since maximum temperature is not reached by 14 °C.
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Summary of Thermal Measurements

Since RF power will be lost mainly in the couplers due to their ohmic resistance, the thermal resistance
for DC power is much worse than for RF power. RF power loss will not only occur in the couplers but
also in the microstrip transmission lines and, therefore, resulting in a lower temperature increase than
for DC power.
With a maximum temperature of the couplers, there is a safe operation area of the bias-T with the
combination of RF power and DC current, as shown in Fig. 4.21. This figure is only valid for an RF
frequency of 1.96 GHz and an ambient temperature of 25 °C. Although it can be assumed to be sufficiently
correct for the whole operation bandwidth. The safe operation area for different ambient temperatures
may be derived by

T =Tamp + Prr - Rrnrr + Ipe - Rpe - Rra,pe (4.3)

where the resulting temperature my not exceed 85 °C.
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DC Current [A]
Figure 4.21: Safe Operation Area of the Bias-T
Las 8 A Tcoupler =71 °C | Teese = 55 °C
PmawCW 70 W Tcoupler =53 °C Teose = 43 °C
Tmaa:Coupler 80 °C
Rpcepatn 75 m}
Rrn, rr 1.2°C/W
RTh,DC 2.8 OC/W

Table 4.10: Limits of RF Power and DC Current
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4.2.3 Measured DC Pulses

Additionally, also this bias-T was checked whether there is any distortion of pulses by the bias-T. There-
fore, the measurement setup from Fig. 4.12 was used and a pulse with a length of 100 ns and one with
100 ps were measured.

Pulsewidth 100ns
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— direct from pulser — through Bias-T
Figure 4.22: Short Pulse Measured
Pulsewidth 100us
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Figure 4.23: Long Pulse Measured

In both cases, there is no distortion of the pulse by the bias-T. In Fig. 4.22, only the short delay time of
the pulse through the bias-T can be seen.
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4.3 2" Bias-T without Harmonic Matching

This bias-T is built for a higher frequency range. Therefore, the Anaren Xinger® Hybrid Model 1M803
with a frequency range from 5 GHz to 6 GHz was used. But there is also no high pass filter included for
harmonic frequencies (similar to 4.2).

Figure 4.24: 2"¢ Bias-T without Harmonic Matching

Port 1 RF

Port 2 RF+DC
Port 3 DC

Port 4 Termination

The used coupler 1M803 has smaller dimensions than the coupler 11306-3. This is a benefit for the
resistance of the DC path since this is clearly reduced. But the disadvantage is, that the coupler is only
specified for a continuous wave RF power up to 20 W.

62



4.3. 2NP BIAS-T WITHOUT HARMONIC MATCHING
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4.3.1 S-Parameters

For this bias-T the same mechanical case as for the 1%* bias-T without harmonic matching is used.
Therefore, the same resonance frequencies, as shown in table 4.6, are valid. Also for this bias-T, the
dielectric absorber LS-10055 with a thickness of 3.1 mm and a frequency range from 4 to 26 GHz was

used, in order to eliminate these resonance frequencies.

In Fig. 4.25, the S-parameters of the final bias-T with closed cap and mounted dielectric absorber are

shown.

-3

- DB(IS[1,11) (R) & DB(|S[2,2])) (R)

S Parameter

4

Frequency (GHz)

--DB(IS[2,1]1) (L)

- DB(IS[2,3]]) (L)

Figure 4.25: Finished Bias-T for Higher Frequencies

As shown in Fig. 4.25, the return loss in the expected frequency range from 2.3 GHz to 6.3 GHz is better
than 17 dB and the insertion loss depends on the frequency range as listed in the table below.

| Insertion Loss [dB] | Frequency Range [GHz] |

0.5 4.0...4.3
0.6 2.8...4.5
0.7 2.7...5.1
0.8 2.5...5.2
0.9 2.45...6.2
1.0 23...6.3

Table 4.11: Insertion Losses from 2.3 to 6.3 GHz
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4.3.2 Thermal Test with RF Power and DC Current
RF Power

It was not possible to measure the heating of the couplers and the heatsink with RF power because there
was no high power amplifier available for the required frequency range. The specification from Anaren for
the coupler model 1M803 is a maximum RF power of 20 W, but with the large heatsink we are confident
that the bias-T can be used up to an RF power of 30 W.

DC Current

At this bias-T, also the thermal heating was measured up to a current of 8 Ampere. The resistance of
the DC path is 47 m).

[TTAT [P (W] | Teoup °C] | Tease °C] | AT [PC] |

1 0.05 25.3 25.3 0
2 0.18 25.8 25.6 0.2
3 0.42 28.6 28.0 0.6
4 0.75 31.0 30.0 1.0
5 1.18 35.1 33.3 1.8
6 1.69 39.3 36.8 2.5
7 2.30 43.3 39.8 3.7
8 3.00 49.4 44.7 4.7

Table 4.12: DC Current Measurement Results

T
couplar
case

- AT

01 2 3 4 5 & 7 8
DC Current [A]

Figure 4.26: Bias-T Temperature vs. DC Current

With a DC current of 8 A the power loss is 3 W, the temperature of the couplers is 49.5 °C and the
temperature of the heatsink is 44.7 °C. For a maximum temperature of 85 °C of the couplers the current
of 8 A is no limit. But there is a risk that the couplers get damaged with more current, because of the
small dimensions of their strip lines.
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Summary of Thermal Measurements

It is not possible to describe an exactly safe operation area because of the missing measurements with
RF power. But we are confident that there will be no thermal problems using the bias-T with an RF
power of 30 W and a DC current of 8 A together, because of the low resistance of the DC path of 47 mS).

Imax 8 A Tcoupler =50 °C Tcase =45 °C TmaaﬁCouple'r 80 °C
PmamCW 30 W Tcoupler = °C Tcase = °C RDCpath 47 m$)

4.3.3 Measured DC Pulses

Additionally also with this bias-T it was checked, if there is any distortion of pulses by the bias-T.
Therefore, the measurement setup from Fig. 4.12 was used and a pulse with a length of 100 ns and one
with 100us were measured.
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Figure 4.27: Short Pulse Measured
Pulsewidth 100us
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Figure 4.28: Longe Pulse Measured

As expected, no distortion of the pulses by the bias-T occured. According to the smaller dimensions

of the coupler the delay time of the pulse through the bias-T is shorter than at the bias-Ts for a lower
frequency range.
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4.4 Bias-T to combine DC-Pulse and DC

For the bias-T which combines the DC pulse and DC only the classic design with high pass filter and
low pass filter is possible. Because the frequency of the LF path of the bias-T ranges from 100 Hz to
200 MHz and it is not possible to design couplers for these low frequencies.

In the LF path, there is a capacitor with a value of 300 uF and in the DC path, there is an inductor of
100 mH which is necessary so that the distortion of the pulse with a length of 100 us is negligible. A
capacitor of 100 uF is placed at the DC input for DC buffering. The realized circuit schematic is shown
in Fig. 4.29.

P3DC
C=100 uF
1] |—.—|
L=20 mH/
100 mH
C=300 uF
P1 Pulse P2 Pulse + DC

Figure 4.29: Circuit Schematic for Bias-T Pulse + DC

The disadvantage of the high inductivity of 100 mH is that the resistance of the DC path gets very high
with a value of 210 m{2. This resistance produces a DC offset at higher currents that has a negative
influence on the measurement of the transistors when this bias-T is used (baseband modulation).
Therefore, a second bias-T for DC and pulse was built with an inductor of 20 mH and a resistance of
35 mf? for a pulsewidth up to 10 us.

4.4.1 Bias-T for Pulses up to 10 us Pulsewidth

The bias-T as shown in Fig. 4.30 is designed for a maximum DC current of 10 A and a maximum voltage,
pulse and DC, of 100 V.

Figure 4.30: Bias-T for Pulses up to 10 us

Port 1 RF
Port 2 RF+DC
Port 3 DC
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S-Parameters

In Fig. 4.31 the S-parameters of the bias-T measured with closed case are shown. An absorber material
was not necessary because of the low frequency range.

The insertion loss Sa; is better than 2.1 dB in the required frequency range from 500 Hz to 200 MHz
The return losses S11 and Sos are better than 11 dB.

S Parameter

0 0
-1 -8
-2 -16
-3 -24
-4 -32
-5 -40

0 100 200 300
Frequency (Mhz)

- DB(IS[1,1]l) (R) = DB(|S[2,2])) (R) -+~ DB(IS[2,1]]) (L)

Figure 4.31: Small Bias-T for DC + Pulse
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DC Pulses

The most important property of the bias-T is that there is no distortion of a pulse by it. Therefore, a lot
of pulse responses with different pulsewidths were measured with the measurement setup from Fig. 4.12.
In the figures below some of the results are shown.
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o
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p— through Bias-T — direct from Pulser

Figure 4.32: Short Pulse

In Fig. 4.32 the shortest pulse available from the pulser is displayed. The only difference which can
be seen is the short delay time through the bias-T.
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Figure 4.33: Pulse Inside the Range of the Bias-T

In Fig. 4.33 the pulse through the bias-T has exactly the same shape as the direct pulse from the

pulser.
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Figure 4.34: Maximum Pulsewidth

In Fig. 4.34 a small degradation at the end of the pulse is identifiable, but it is tolerable and, therefore,
this is the longest pulse possible for this bias-T.
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Figure 4.35: Distorted Pulse

In Fig. 4.35 a clear distortion of the pulse by the bias-T is to see, this pulse is too long for this bias-T.
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negative Pulse: 5 us

Voltage [V]

Time [ps]

‘—direci from pulser — through Bias-T |

Figure 4.36: Negative Pulse Through the Bias-T

In Fig. 4.36 a negative pulse with a pulsewidth of 5 us was measured. This was done to check if the
bias-T has the same properties for positive and negative pulses and there was no difference to observe.
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Figure 4.37: Pulse + DC

In Fig. 4.37 the combination of a pulse and DC is shown. The bias-T works well for pulses with a
pulsewidth from 100 ns to 10 ps. It has a low resistance in the DC path and satisfactory S-parameters.
This will be the most used bias-T for the combination of pulse and DC, because of its low resistance and
the fact that in the most of the cases a pulsewidth of 10 us will be long enough for transistor measurement.
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4.4.2 Bias-T for Pulses up to 100 us Pulsewidth

This bias-T, as shown in Fig. 4.38 is also built for a DC current up to 10 A and a maximum voltage,
pulse and DC, of 100 V. This bias-T can be used for all available pulsewidths of the pulser ranging from
100 ns to 100 ps. But the resistance of the DC path is now 210 mf2.

Figure 4.38: Bias-T for Pulses up to 100 us

Port 1 RF
Port 2 RF+DC
Port 3 DC

S-Parameters

In Fig. 4.39 the S-parameters of the bias-T measured with closed case are shown. An absorber material
was not necessary because of the low frequency range.

The insertion loss Sa; is better than 0.9 dB in the required frequency range from 100 Hz to 200 MHz
The return losses S11 and Sas are better than 20 dB.

S Parameter

I

0 100 200 300
Frequency (Mhz)

—DB(IS[1,111) (R) = DB(IS[2,2])) (R) - DB(|S[2,1]]) (L)

Figure 4.39: Large Bias-T for DC + Pulse

Because of the larger value of the inductivity of 100 mH, the S-parameters are better than for the
bias-T presented in 4.4.1. The insertion loss is better than 0.9 dB and the return losses are better than
20 dB at the LF port and the LF4+DC port are really good, but unfortunately with a reasonably high
resistance.
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DC Pulses

Also for this bias-T some characteristic pulses are shown below:
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Figure 4.40: Short Pulse

In Fig. 4.40 the response to the shortest pulse available from the pulser is shown. The only difference
which can be observed is the short delay time through the bias-T.
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Figure 4.41: Pulsewidth 20 us

In Fig. 4.41 the response to a pulse with a pulsewidth of 20 us is shown. This pulse was distorted by

the small bias-T, which is described in 4.4.1, but now there is no distortion.
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Figure 4.42: Pulsewidth 50 us

In Fig. 4.42 the response to a pulse with a pulsewidth of 50 s is shown with no distortion.
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Figure 4.43: Largest Available Pulse

In Fig. 4.43 the response to the longest pulse available from the pulser is shown. There is a negligible
distortion at the end of the pulse. This distortion is tolerable and additionally, such a long pulse will be
only used rarely.
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negative Pulse with 75us
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Figure 4.44: Negative Pulse with Pulsewidth 75 us

In Fig. 4.44 the response to a negative pulse with a pulsewidth of 75 us is presented. This was
measured to check if the bias-T has the same properties for positive and negative pulses and there, no
difference can be observed.

Pulsewidth 10 ps with DC Offset
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g
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>
0
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| —through Bias-T — direct from pulser |

Figure 4.45: Pulse + DC

In Fig. 4.45 a combination of a pulse and DC is shown.

Both designed and built bias-Ts are usable to combine the DC pulse and DC. For applications where
only shorter pulsewidth than 10 us are necessary the smaller bias-T of these two will be preferable. The
S-parameters of this bias-T are a little bit worse than the ones of the larger bias-T, but the resistance of
the DC path is 6 times better.
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Chapter 5

Summary and Outlook

5.1 Summary

The aim of this diploma thesis was to design a bias-T which is able to combine RF, DC-pulse and DC
for a fundamental frequency range from 1.8 GHz to 2.5 GHz with a matching of the harmonics up to 37
order at the RF+DC port, which is equivalent to a frequency range from 3.6 GHz to 7.5 GHz.

To allow more flexibility in use, the bias-T in order to combine all three signals, was splitted into two
bias-Ts where one combines the DC-pulse with DC (LF bias-T) and another combines RF with DC+Pulse
(RF bias-T). Two basically different designs for the RF bias-T were evaluated.

The first design approach for the RF bias-T was a conventional design based on high pass and low pass
filters with discrete components for a frequency range from 1.8 GHz to 7.5 GHz. One drawback of this
design approach is that with high pass and low pass filters of first order the desired isolation between the
RF path and the DC path of 20 dB is not possible to realize. Therefore, high pass and low pass filters of
higher order were necessary. Higher order filters require additional lumped elements. Simulations with
realistic lumped element models have shown that the resonance frequencies of the chosen inductors dete-
riorate the performance of the bias-T by far when compared to simulation results with ideal components.
Those simulation results indicated a very delicate circuit design procedure where a robust design can be
hardly achieve.

To overcome this drawback a second design based on 3 dB 90° hybrids with forward coupling was eval-
uated. It is possible to build a bias-T based on two hybrids with a physically uninterupted DC path
through the couplers to which the RF is coupled, while there is no physical connection between the RF
and DC port. Therefore, it is important to use directional couplers and not branch line couplers, since
branchline couplers do not offer isolated branches which are the basis for this bias-T design.

In the beginning a design of a directional coupler for the whole frequency range from 1.8 GHz to 7.5 GHz
was started. This design failed due to the problem that the design process delivered physical dimensions
which were not manufacturable and would also not be able to bear the required DC current. To substitute
those commercially available broadband couplers, couplers with a restricted range of frequency were used
where a small modification in the design of the bias-T was necessary. To match the harmonics up to
the 37 order a high pass filter at the RF+DC path was added. Finally, a set of different bias-Ts were
designed and manufactured to offer high flexibility in their use for different applications. One bias-T
with up to 3"¢ order harmonic matching was built for a fundamental frequency range from 1.8 GHz to
2.5 GHz fulfilling the required specifications. Additionally, for more flexibility, two bias-T's which do not
comprise harmonic matching for a frequency range from 1.8 GHz to 4 GHz and from 3 GHz to 6 GHz,
respectively, were built. The detailed technical data of these bias-T's are shown in the next section.

In order to combine the DC pulse with a bandwidth of 200 MHz and DC offset, two additional bias-Ts in
classical design with a capacitor as high pass filter and an inductor as low pass filter were built. Since the
inductor’s series resistance which is located in the DC path cause a voltage drop, baseband modulation
of the supply voltage can occur for RF signals with non-constant envelope. Therefore, it is essential to
reduce the inductor’s series resistance to a minimum. Out of this reason, one LF bias-T was built for
a maximum pulsewidth of 10 ps with considerably reduced series resistance and a second one was built
being capable to transfer pulses with the maximum required pulsewidth of 100 us without distortion.
The detailed technical data of these bias-Ts are shown in the next section as well.
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5.2 Bias-Ts Technical Data Sheets

5.2.1 Bias-T with Harmonic Matching

This bias-T has five ports. The schematic of the arrangement of the ports is shown in Fig. 5.1:

P1
RF
0
— P4
P3 ) Termination
oc Bias-T
2 PS5
Harmonics
O]
P2
RF+DC

Figure 5.1: Ports of the 15¢ Bias-T

The Technical Data are:

e Fundamental frequency range: 1.8 ... 2.5 GHz

- Insertion loss: < 0.53 dB

- Return loss S11 and Sao: > 17 dB
e Harmonic frequency range up to 3"¢ order: 36 ... 7.5 GHz
e Return loss Sos: > 10 dB
e max. RFow power: 0 W
e max. DCpyseq current: 8 A
e max. DC,,,;. current: 8 A
L] RDCpath5 78 m2
o max. Teoupler: 85 °C
e max. Thies_7: 50 °C
e 1o distortion of the DC pulses with a pulsewidth range

from 100 ns to 100 us
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5.2.2 1% Bias-T without Harmonic Matching

This bias-T has four ports. The schematic of the arrangement of the ports is shown in Fig. 5.2:

P
RF
[

P3 :

oc 3 Bias-T 1 P4

Termination

=)
P2
RF+DC

Figure 5.2: Ports of the 2"¢ Bias-T

The Technical Data are:

| Insertion Loss [dBJ] | Frequency Range [GHz] |

0.5 1.68...2.35

0.6 1.50...3.30

0.7 1.43...3.80

0.8 1.35...4.10

0.9 1.28...4.26

1.0 1.25...4.33
e Return loss S1; and Sas: > 17 dB
e max. RFow power: 70 W
e max. DCpyiseq current: 8 A
e max. DC,.,,;. current: 8 A
[ ] RDCpath: 75 mf?
o max. Teoupler: 80 °C
e max. Thigs_7: 50 °C
e 1o distortion of the DC pulses with a pulsewidth range

from 100 ns to 100 us
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5.2.3 2" Bias-T without Harmonic Matching

This bias-T has four ports. The schematic of the arrangement of the ports is shown in Fig. 5.3:

P
RF
[

P3 :

oc 3 Bias-T 1 P4

Termination

=)
P2
RF+DC

Figure 5.3: Ports of the 3" Bias-T

The Technical Data are:

| Insertion Loss [dB] | Frequency Range [GHz] |

0.5 4.0...4.3

0.6 2.8...4.5

0.7 2.7...5.1

0.8 2.5...5.2

0.9 2.45...6.2

1.0 2.3...6.3
e Return loss S1; and Sas: > 17 dB
e max. RFoyw power: 30 W
e max. DCpyiseq current: 8 A
e max. DC,.,,;. current: 8 A
L4 RDCpath: 47 m$2
o max. Teoupier: 80 °C
e max. Thigs—7: 50 °C
e 1o distortion of the DC pulses with a pulsewidth range

from 100 ns to 100 us
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5.2.4 1% Bias-T for DC-Pulse and DC

This bias-T has four ports. The schematic of the arrangement of the ports is shown in Fig. 5.4:

P1
LF

[

i~No_ P3
Bias-T :lDC

o
P2
LF+DC

Figure 5.4: Ports of the 4'" Bias-T

The Technical Data are:

e Pulsewidth of the DC pulse: 100 ns ... 10 us
e Frequency range: 600 Hz ... 200 MHz
e Insertion loss: <2.1dB
e Return loss: > 11.5dB
[ ] RDCpath: 35 mf)
e max. voltage: 100 V
e max. DC current: 8 A
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5.2.5 2" Bias-T for DC-Pulse and DC

This bias-T has four ports. The schematic of the arrangement of the ports is shown in Fig. 5.5:

P1

LF
. P3

Bicis-T ]

bC

P2

LF+DC
Figure 5.5: Ports of the 5" Bias-T
The Technical Data are:

e Pulsewidth of the DC pulse: 100 ns ... 100 us
e Frequency range: 100 Hz ... 200 MHz
e Insertion loss: < 0.9dB
e Return loss: > 20.9 dB
b RDCpn,th: 210 mS)
e max. voltage: 100 V
e max. DC current: 8 A
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5.3 Outlook

If it is necessary to build more of these bias-T's, the following issues should be noted for a redesign:

e The transmissions lines between the connectors and the couplers should be as short as possible to
reduce the insertion loss.

e It was also seen at the measurements, that straight transmission lines are better as curved ones,
even if the radius of the curves is chosen large enough, so that they have in theory no influence to
the insertion and return loss.

e Before using the same Rogers subtrate it is advisable to measure ¢, of this substrate because there
were some problems with the correct line width of the transmission lines. This also increased the
insertion loss. The use of a substrate with a lower ¢, will result in a larger line width of the
transmission lines which will decrease the resistance of the DC path.

e At the end of this thesis a new generation of Xinger® hybrids from Anaren was available. Therefore,

it would be helpful to check, if there are new models with a better suited frequency range or a lower
insertion loss available.

81



Bibliography

Bahl, 1., Lumped Elements for RF and Microwave Circuits, Artech House, ISBN 1-58053-309-4
Collin, R. E., Foundations for Microwave Engineering, McGraw-Hill, New York 1966

Shelton, J. P., Impedances of Offset Parallel-Coupled Strip Transmission Lines, IEEE Trans., Vol.
MTT-14, Jan. 1966, pp. 7-15. Corrections: ibid, 1996, p. 249

Mongia R., Bahl 1., Bhartia P., RF and Microwave Coupled-Lines Circuits, Artech House, ISBN
0-89006-830-5, 1999

Hornstein, R., Broadband Reflectometer, Diploma Thesis Vienna University of Technology, April 2002
Bonek, E., Vorlesung Wellenausbreitung 1, Vienna University of Technology, Okt. 1997

Bharita, P. and P. Pramanic, Computer-Aided Design Models for Broadside-Coupled Striplines and
Millimeter- Wave Suspeded Substrate Microstrip Lines, IEEE Trans., Vol. MTT-36, Nov. 1988, pp.
1,476-1,481. Corrections: ibid, 1996, p. 249.

82



Chapter 6

Appendix

6.1 Appendix A - MatLab® Function

Matlab- File for the determination of a directional coupler:

70=50; reference transmission line impedance
Elem=40; number of elements of one half
C=3.01; coupling in dB

Z=[1.05391 1.14328 1.33137 1.80742 5.36886]; z-values for C=3 and

B10

B=10.356; bandwidth

N=9; number of reference segments
er=2.1; relative dielectric constant of the substrate
b=6.45; overall height of the substrate
s=0.1; space between the lines
n=(N+1)/2; number of Z-values

fu=1e9; lower frequency limit

fo=fu*B; upper frequency limit
f0=(fu+fo)/2; center frequency
R=10"(-C/20); linear coupling factor
L=n*pi/2/pi*3e8/f0/sqrt(er)*1e3; overall length
LElem=round(100*L/Elem/2)/100; elements rounded to 2 decimals
LGes=2*Elem*LElem; overall lengths rounded to 2 decimals
w=zeros(1,5);

for i=0:3, weighting factor
w(1+1)=(2%i+1)*pi/4/R*log(Z(5-1)/Z(4-1));

end

w(5)=9%pi/4/R¥log(Z(1));

syms u

winkelteil=10*pi/Elem; integration steps
coupler=zeros(Elem+1,14); field definition

for i=0:Elem, for all elements
winkel=-10*pi-+i*winkelteil; integration area

Sum=0; summing variable

for j=1:5, for all weighting factors

if winkel>((j-5)*2*pi) start of integration

weighting factors
Sum=Sum+w(6-j)*int((sin(u/2)) ~2/(u/2),(j-6)*2*pi,(j-5)*2*pi);
elseif and ((winkel>(j-6)*2*pi),(winkel<=(j-5)*2*pi))
Sum=Sum+w(6-j)*int((sin(u/2)) ~2/(u/2),(j-6)*2*pi,winkel);
else
Sum;
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end

end end of integration

coupler(i+1,1)=winkel; angular position -10pi...0
coupler(i+1,2)=winkel/ (4*2*pi*f0*sqrt(er) /3e8)*1000; absolute position -L/2...0 in mm
Sum=-Sum*R/pi*2; intermediate value
coupler(i+1,3)=Z0*exp(Sum); even mode impedance at the det. position
coupler(i+1,4)=(Z0*Z0/coupler(i+1,3)); odd mode impedance at the det. position

end phys. shape accomp. with odd- and even mode

imp. for all elements

Determination of the physical parameters of the broadside coupler:

sn=s/b; normalizing s to b
ro=zeros(1,Elem); filling the matrix with zeros
A=zeros(1,Elem);

(

B=zeros(1,Elem);

p=zeros(1,Elem);

r=zeros(1,Elem);

Cfo=zeros(1,Elem);

Co=zeros(1,Elem);

wn=zeros(1,Elem);

won=zeros(1,Elem);

dC=zeros(1,Elem);

K=zeros(1,Elem);

a=zeros(1,Elem);

q=zeros(1,Elem);

Cf=zeros(1,Elem);

wen=zeros(1,Elem);

Cfa=zeros(1,Elem);

wnloos=zeros(1,Elem);

for i=1:Elem+1,

ro(i)=coupler(i,3)/Z0; determining for tight coupling
A())=exp((60%pi2) (sart(er) *Z0)*((1-((ro(i) 2)*sn)) /ro(i)));
B()=(A()-2-+sart(A ) " 2-4*A(0)))/2;
p()=(B{)-1)*((1+sn)/2)+sqrt((B(i)-1)"2*((1+sn)/2) " 2+4*sn*B(i)))/2;
r(i)=

sn*B(i) /p(i);

CfO(l) (1/pi)*(-2/(1-sn)*log(sn)+(1/sn)*log((p(1) *r(i)) /((p(1)+sn) *(1+4p(i) * (x(i)-sn) *(1-x(1)))));

Co(i)=120*pi*ro(i)/(sqrt(er)*Z0);

wn(i)=(sn*(1-sn)*(Co(i)-Cfo(i))/2); the normalized line width
WOH() ((1/(2*pi))*((14sn)*log(p(i) /r(i))+(1-sn)*log((1+p(i) *(x(i)-sn) /((sn+p(i)) * (1-r(1))))));
coupler(i,5)=(wn(i)*b); the line width
coupler(i,6)=(won(i)*b); line offset
coupler(i,7)=(coupler(i,6)-coupler(i,5)); the difference between width and offset
coupler(i,8)=(20*log10((coupler(i,3)-coupler(i,4)) /(coupler(i,3)+coupler(i,4))));

determining for loose coupling
dC(i)=120*pi/sqrt(er)/Z0*(ro(i) ~2-1) /ro(i);
K(i)=1/(exp(pi*dC(i)/2)-1);
EI;: b(bgs/qr(tg((sn K(i))/(sn+1))~2+K(i))-(sn-K(i))/(sn+1));
Ct(i)=2/pi*(1/(1+sn)*log((1+a(i))/(a(i)*(1-q(i))))-1/(1-sn)*log(q(i)));
wen(i)=1/pi*(sn*log(q(i)/a(i))+(1-sn)*log((1-q(i)) /(1 +a(i))));
Cfa(i)=-2/pi* (1/(1+sn)*log((1—sn))/2)+1/(1—sn)*10g((1—|—sn)/2));

wnloos(i)=((1-sn"2)/4*(Co(i)-Cf(i)-Cfa(i)));

coupler(i,9)=(wnloos(i)*b); the line widths
coupler(i,10)=(wen(i)*b); the difference between width and offset
coupler(i,11)=(wn(i)/(1-sn)); first limit for tight coupling
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coupler(i,12)=((wn(i)-won(i))/sn); second limit for tight coupling
coupler(i,13)=wnloos(i)/(1-sn); first limit for loose coupling
coupler(i,14)=((2*(wnloos(i)-wen(i)))/(1+sn)); second limit for loose coupling
end

coupler

LGes;

LElem:;
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B is the bandwidth ratio, ¢ is the maximum ripple factor, Z; is the

normalized even mode impedances and w is the fractional bandwidth of a directional coupler.

6.2. APPENDIX B - DIRECTIONAL COUPLER - DESIGN PARAMETERS Chapter 6. Appendix
6.2 Appendix B - Directional Coupler - Design Parameters
Table 6.1, taken from [4], was used to design the directional coupler. With this table it is possible to

calculate a directional coupler.
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6.3 Appendix C - Directional Coupler - Table of Physical Para-

meters
U xfmm 2o/ Ziof/Q Tight
Wo Wo-W

-31,42 -45 57 50,00 50,00 6,82 7,11 0,28
-30,63 -44 44 53,03 49,97 6,82 7,10 0,28
-29,85 -43,30 50,22 49,78 B,79 7,07 0,28
-29,06 -42.18 50,66 48,35 B,72 6,99 0,28
-28.27 -41,02 51,29 48,74 6,62 6,89 0,27
-27.49 -35,88 51,94 48,13 6,52 6,78 0,26
-26,70 -38,74 5243 47 68 6,45 6,71 0,26
-25,92 -37.60 52.66 47 47 B6.41 6.67 0,26
-2513 -36,46 52,70 47 .44 6,41 6,66 0,26
-24.35 -35,32 52,75 47 .40 6,40 6,66 0,26
-23.56 -34,18 53,06 47 12 6,35 6,61 0,25
-22.78 -33,04 53,77 46,50 6,25 6,50 0,25
-21,99 -31,90 54,80 45,62 6,11 6,35 0,24
21,21 -30,76 55,89 4473 5,97 6,19 0,23
20,42 -29.62 56,72 44,08 5,86 6,08 0,22
-19.63 -28 .48 57.12 43,77 5,81 6,03 0,22
-18,85 27,34 5718 43,72 5,80 6,02 0,21
-18,06 -26,21 57,27 4365 579 6,01 0,21
17,28 -2507 57,89 4319 572 593 0,21
-16,49 -23.93 5932 4215 5,55 5,74 0,20
-15,71 -22,79 61,45 40,68 53 549 0,18
-14,92 -21.65 683,77 38,20 5,07 5,23 0,16
-14,14 -2(3,51 65,60 38,11 4,90 5,04 0,14
-13,35 -19,37 66,49 37,60 4,82 4,95 0,13
12 57 -18,23 66,64 37.51 4,80 4,94 0,13
-11,78 -17.09 66,84 37,40 478 4,92 0,13
-11,00 -15,95 68,19 36,66 467 4,79 0,12
-10,21 -14.81 71,46 34,99 4,40 4,49 0,09
0,42 -13,67 76,63 3263 4,02 4,08 0,06
-8,64 -12,53 82 65 30,25 3,64 3,65 0,01
-7.85 -11,39 87,74 28,49 3,37 3,34 -0,03
-7,07 -10,25 90,41 27,65 3,23 3,19 -0,04
6,28 -9,11 60,89 27,51 3,21 3,16 -0,05
-5,50 -7,98 91,57 27,30 3,18 3,13 -0,05
-4,71 -6,84 96,59 25,88 2,96 2,87 -0,09
-3,93 -5,70 110,81 22,56 2,45 2,27 -0,18
-3,14 -4,56 139,68 17,90 1,75 1,39 -0,36
-2.36 -3,42 187,88 13,31 1,11 0,45 -0,66
-1,57 -2,28 253,03 9,88 0,71 0,29 -0,43
-0,79 -1,14 315,69 7,92 0,55 0,75 0,20
0,00 0,00 342,61 7,30 0,52 0,92 0,41
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k/dB Lo ose tight w/{1-s"y | tightw./s' [loose w/{1-s"}| loose 2wy/(1+s")
W We 20,35 207 2035 2(,85

NaN NaN NaN 1,07 -2,85 NaN NaN
-64 44 5,54 -12,34 1,07 -2,84 0,87 5,46
-47,02 5,54 -8,22 1,07 -2,82 0,87 4,20
-37 64 554 -6,01 1,06 -2,78 0,87 3,53
-31,80 5,53 -4 66 1,04 -2,72 0,87 3,11
-28,39 552 -3,84 1,03 -2,66 0,87 2,86
-26.48 5,51 -3,39 1,02 -2,60 0,87 2,72
-2571 5,51 -3,21 1,01 -2,58 0,87 2,66
-25,59 551 -3.19 1,01 -2,57 0,87 2,65
-25,44 5,51 -3,15 1,01 -2,57 0,87 2,64
-24 54 5,50 -2,95 1,00 -2,54 0,87 2,58
2279 547 -2,55 0,98 -247 0,86 245
20,78 544 2,11 0,96 -2.37 0,86 2,30
-13,10 5,39 -1.75 0,94 -2,27 0,85 218
-18,03 5,35 -1,53 0,92 -2,19 0,84 210
-17,57 5,33 -143 0,92 2,15 0,84 2,06
-17,50 532 -1.42 0,91 -2,15 0,84 2,06
-17,39 5,32 -1,40 0,91 -2,14 0,84 2,05
-16,75 5,28 -1.27 0,90 -2.08 0,83 2,00
-1543 5,20 -1,03 0,87 -1,95 0,82 180
-13,84 5,06 0,76 0,84 1,77 0,80 1,78
-12,45 4,80 -0,55 0,80 -1,57 0,77 166
-11,54 477 043 0,77 -142 0,75 1,59
1113 470 -0,38 0,76 -1.34 0,74 1,55
-11,07 4,69 -0,38 0,76 -1,33 0,74 1,55
-10,98 4,88 -0,37 0,75 -1,31 0,74 154
-10,44 458 -0,31 0,73 -1,20 0,72 149
-9,30 4,35 -0,20 0,69 -0,95 0,68 1,39
-7,90 4,00 -0,10 0,63 -0,55 0,63 125
6,67 3,64 -0,02 0,57 -0,11 0,57 112
-5,85 3,36 0,02 0,53 0,25 0,53 1,02
-5,49 3,23 0,04 0,51 0,44 0,51 0,98
-543 3,21 0,04 0,51 0,47 0,51 097
-5,34 3,18 0.05 0,50 0,51 0,50 0,96
-4.71 2,96 0,08 0,47 0,86 0,47 0,88
-3,59 245 017 0,39 1,79 0,39 0,69
-2,24 1,75 0,35 0,28 3,60 0,28 043
-1,23 111 0,62 0,18 6,64 0,18 015
-0,68 0,71 0,98 0,11 427 0,11 -0,08
-0,44 NaN NaN 0,09 -2.03 NaN NaN
-0,37 NaN NaN 0,08 -4,05 NaN NaN
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6.4 Appendix D - Datasheets of Anaren Xinger® Q-Hybrids

Model 11306-3

ELECTRICAL SPECIFICATIONS**

Features:
2.0-4.0 GHz
Low loss
High Isolation

90° Quadrature
Surface Mountable
Tape And Reel
Convenient Package
100% Tested

Hybrid Couplers
3 dB, 90°

Description

The 11306-3 is a low profile 3dB hybrid coupler in an easy to use surface
mount package covering 2.0 to 4.0 GHz. The 11306-3 is ideal for balanced
amplifiers and signal distribution and can be used in most high power
designs. Parts have been subjected to rigorous qualification testing and
units are 100% tested. They are manufactured using materials with x and y
thermal expansion coefficients compatible with common substrates such as
FR4, G-10 and polyamide.

Frequency Isolation I“T’_‘:ﬂsl_o“ VSWR
GHz dB Min dB Max Max:1
20-40 20 0.35 1.30
fgllude  Phase  pows  ouc  Opming
dB Max Degrees Ave. CW Watts °c/ Watt °c
+0.55 +5 60 246 -55 to +85

Outline Drawing

**Specification based on performance of unit properly installed on microstrip printed circuit
boards with 50 £2 nominal impedance. Specifications subject to change without notice.

Top View (Near-side) Side View Bottom View (Far-side)
.075+.008 0241004 TYP .
5602010 1 [1.91:020] [0.6120.10] r
Pin 1 (142203 | _pina Pin 2 Pin 1
| T i "'-\, I ' T T T 'I
& Xinger 15 J [ ] Anger i
- 3, 350:010 1l - . 050008
. 2 <] [8.89:025] [+ 2 | [1.27:0.20]
=% nae-3 A= m = mses-z =L VT
GND — ] 133 /T 1 GND —&] 130e-3 ‘
Pin 4 Pin 3 Pin 3 050:008 | '
Denotes — —= = —Pind
1.2740.20 |
Array Number B2
Dimensions are in Inches [Millimeters]
11306-3 Rev A Mechanical Outline Part Is Symmetric About All Axis
Anaren _— Fiilable o Ve USA/Canada:  (315) 432-8909
What'll we think of nest - and Reel For Pick and Toll Free: (800) 544-2414
deadaed Place Manufacturing. Europe: +44 2392.232392
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Typical Performance: 2.0 GHz. to 4.0 GHz. Lr"ger—Q

Coupling 11306-3 Return Loss 113063
24 o

fa
15

Coupling [d8]
g
ey
Return Loss [dB]

da
=

4.0

2000 2500 3000 3500 4000 2000 2500 3000 4000
Frequency [MHz] Froquency [MHz]
Isolation 11306-3 Phase Balance 11306-3
o -ar
[
| -88
10
| o
§ -
i :
e
H
-2 -
|
-50 f -5
2000 2500 3000 3500 4000 2000 2500 3000 000
Frequency [MHz] Frequency [MHz]
Pin Configuration Mounting Footprint
" shore must b & wma-::':.u"rm
stider connection undermeath the part
Pin 1 Pin2

Pin 4 Pin3
Hybrid Coupler Pin Configruation
Pin 1 Pin 2 Pin3 Fin 4
Configuration #1 | Input | [solated |-3dB,-90° -3dB, 0°
Configuration #2| Isolated = Input | -3dB, 0° -3dB, -90°
Configuration #3 |-3dB, -90° -3dB,0°  Input | Isolated
Configuration #4| -3dB, 0° -3dB, -90°| Isolated Input

Devensaons ane 0 Inches [Mlimetens]
113063 Rev A Mounteg nt

USA/Canada:  (315) 432-8909 Available on Tape and ¢ .
Toll Free: (800) 544-2414 Reel For Pick and Place . " naren

Europe:  +44 2392-232392 Manufacturing. What'll we think of ne:
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Model 1M803

. Micro Xinger

Inger 3dB Hybrid Coupler
—®

Description
A The 1M803 Micro Xinger® is a low profile, miniature 3dB hybrid coupler in
\ an easy to use surface mount package designed for U-NII, ISM and
\ hyperLAN applications. The 1M803 is designed for balanced amplifiers and
signal distribution and is an ideal solution for the ever increasing demands
of the wireless industry for smaller printed circuit boards and high
\ performance. Parts have been subjected to rigorous qualification testing
and units are 100% tested. They are manufactured using materials with x
and y thermal expansion coefficients compatible with common substrates

\ such as FR4 and G-10.

11

ELECTRICAL SPECIFICATIONS**

Features: F ; Insertion
g hleay requency Isolation VSWR
e 5.0-6.0 GHz Loss
- VEW Low Loss GHz dB Min dB Max Max:1
« High Isolation
ps 5.0-6.0 20 0.25 121
« 90" Quadrature
« Surface Mountable Amplitude Phase Operating
 Tape And Reel Balance Balance Fowe: eJc Temp.
« New Micro-Package dB Max Degrees Ay CW C/Walt oc
¢ 100% Tested
+0.30 +3 20 78.1 -55 to +85
**Specification based on performance of unit properly installed on microstrip printed circuit
boards with 50 £2 nominal impedance. Specifications subject to change without notice.
Outline Drawing
Top View (Near-side) Side View Bottom View (Far-side)
0652007
T [1.66:0.18)
| 400<010 S - 4% 0242004 ol
pin | [10.16x025 | /Pin2 [0.61:000] |
|- & 1 d GND — o
VR T T ]
Orientation - Jf%l ol =1 20000 [T T ;' Z = Lk: 4X .048¢.008 SQ
s @ L LA © & 1.22:0.20
Mar;gr EEHTES . >'§4- . < 5.0892] [T] o4e00s I 5 /‘X iy 1 ]
inLocation A"/ ATIA— o 64t i._/*. T a—
— / . Denotes — | -304=004 |
Pin 4 GND Pin 3 Array Number " 7720010
Dimensions are in Inches [Millimeters]
1MB03 Rev B Mechanical Outline Tolerances are Non-Cumulative
Anaren A P — USA/Canada:  (315) 432-8909
R TR e A - and Reel For Pick and Toll Free: (800) 544-2414
SR LU L L Place Manufacturing. Europe: +44 2392-232392
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LJ
Typical Performance: 5.0 GHz. to 6.0 GHz. mg%

Coupling 1M803 Kolation 1MB03
2B -0

3.2 41

Coupling (dB)
Isolation (dB)

i — 4 - - 1 - - _

a6 | | | | 50 . . . .
5000 5200 5400 5600 5800 8000 5000 5200 5400 5600 5800 5000
Fraquency (MHz) Frequency (MHz}
Return Loss 1MBO3 Phase Balance TM803
0 — S - a7 S - O — =
| : | | '
10— — | — | — ) n“m—__|__|__—__i___
. ]
g | I | %.99 | ! |
e <)
2 =]
[ gol _ L _ 1 _ L __
E & |
5 ] "PWWWHWW
g 'gm— — — — — = = = = = = =
3 | | |
n'ez i = = = e R P = — g
] [~ [
a3 ! !
5000 5200 5400 5600 5800 E000
Frequency (MHz) Frequency (MHz)
Pin Configuration Mounting Footprint
= .

thers must bo a ground plano with 100%

2 7

Pin 4 Pin3
Hybrid Coupler Pin Configruation

Pin1 = Pin2 Pin3 Pin 4

Configuration #1| Input | Isolated -3dB,-90° -3dB, 0°
Configuration #2| Isolated =~ Input | -3dB, 0° |-3dB, -90°
Configuration #3 |-3dB, -90° -3dB, 0° Input Isolated

Configuration #4 | -3dB, 0° |-3dB, -90°| Isolated | Input

USA/Canada: (315) 432-8909 Available on Tape and
Toll Free: (800) 544-2414 Reel For Pick and Place N :
Europe: +44 2392-232392 Manufacturing. What'll we think of nes
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6.5 Appendix E - Subtrates

Taconic RF-35:

RF-35 TYPICAL VALUES

Property Test Method Units Value Units Value
Dielectric Constant & 1.9 GHz IPC-TM 650 2.5.5 3.50 3.50
Dissipation Factor @ 1.9 GHz IPC-TM 650 2.5.5 0.0018 0.0018

Moisture Absorption (.060") IPC-TM 650 2.6.2.1 % .02 Y 0.02
Peel Strength (1/2 oz. copper) IPC-TM 650 2.4.8 Ibs Jlinear inch >8.0 Nimm >1.5
Peel Strength {1 oz. copper) IPC-TM 650 2.4.8 Ibs.flinear inch >10.0 N/mm >1.8
Dielectric Breakdown IPC-TM 650 2.5.6 k¥ 11 kY M
Volume Resistivity IPC-TM 650 2.5.17.1 Mohmicm 1.26 x 10° Mohmicm 1.26 x 107
Surface Resistivity IPC-TM 850 2.5.17.1 Mohm 1.46 x 10" Mohm 1.46 x 108
Arc Resistance IPC TM 650 2.5.1 seconds >180 seconds >180
Flexural Strength Lengthwise ASTH D 790 psi >22,000 Nimm’ »152
Flexural Strength Crosswise ASTM D 790 psi =18,000 N/mn’ >124
Thermal Conductivity Cenco-Fitch BTUfin/hrft 1T 1.416 WimiK 0.20
Tensile Strength Lengthwise ASTM D 638 psi 27,000 Nfmm’ 187
Tensile Strength Crosswise ASTM D 638 psi 21,000 Nfmm’ 145
Dimensional Stability Lengthwise IPC-TM 630 2.4.3% infin .00004 mm/mm 0.00004
Dimensional Stability Crosswise IPC-TM 650 2.4.39 infin -00010 mm/mm -0.00010
%y CTE ASTM D 3386 (TMA) ppmy°C 19-24 ppm/C 16-24
ZCTE ASTM D 3386 (TMA) ppm/°C 64 ppmi°C 64
Flammabhility UL-94 Y- V-0
Hardness Rockwell M Scale 34 34
m Z-Axis Thermal Expansion Rate
LY- K
TLY-5 2.20
TLY-3 233 £
TLT-0 | TLX-0 245 E
TLT-S | TLX-9 2.50 ~
TLUI-8 | TLX-8 255 =4
TLT-7 | TLX-7 2.60 i
TLT6 | TLX6 2.85 = /
TLE-95 2.95 =
TLC-27 275 @ 1 -
TLC-30 3.00 a
TLC-32 320 u’j ! 25°C = 0 or Roem Temparature Baseline
RF-30 3.00
RF-35 | RF-35P 3.50
RF-60 515 60 90 120 150 180 210 240 270 300 330
CER-10 10 Temperature (°C)

Dk Versus Frequency Df Versus Frequency

4 6 8 Q 9

Frequency GHz Frequency GHz

All reprorfed vaiues are typical and should not be used for specification purposes. in alf insfances the wser shalt deternmine
stitcbity In any given appficafion. 200
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How to Order

Designation Dielectric Constant

RF-35 3.5+-1

Available Thickness Normal Dielectric Constant

0.0100" (0.25mm) 3.5
0.0200" (0.50mm) 3.5
0.0300" {0.76mm) 3.5
0.0600" (1.52mm) 3.5

Standaord sheet size is 367 x 487 (@14dmm x 1220mm). Please contact our
Customer Service Depantment for avallabilify of other sizes and clagdings.

RF-35 can be ordered with the Panels may be
following electrodeposited copper: orderad cut to size

Designation Weight Copper Copper Typical Panel Sizes

Thickness Thickness

12" x 18" | 304mm x 457mm
CH 1/2 oz.fsq. ft. |~ .0007" ~18 um

16" x 18" | 406mm x 457mm

18" x 24" | 457mm x 610mm
C1 1 oz./sq. fi. ~.0014" ~ 35 1m

16" x 36" | 406mm x 914mm

24" x 36" | 810mm x 914mm
c2 2 0z./sq. fi. ~.0028" ~ 70 um

18" x 48" | 457mm x 1220mm

An example of our part number is: RF-35-0800-CH/CH-18" x 24" {RF-35-0600-CH/CH-457mm x 610mm)

TALCLCINIC

ADVANCED DIELECTRIC DIVISION

PO Bow &%+ 138 Coonberook Rood Mullinggar Business Park H2 E-Dorg Bundang Tachng Fark
Petersburgh. New York 12138 » USA Mullingar, To. Westmecth, 151 Yotap-dong Bundang-gu
[EL: &15-658-3202 « FAX, B18-658-3088 Repatslic of Irelard Sungnorm-si. Kyungki-dao, Republic of Koersa

(L FREE: B00-833-1805 « FAX: 800-272-2803 TeL: +383-44-40477 » FAX: +353-44-24349 TEL: B2-31-/04- 1858/ G » FAX: A2-31-/04-185/
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Rogers R4003C:

PROPERTY TYPICAL DIRECTION UNITS CONDITION TEST
VALUE METHOD
RO4003C™ RO43508™"
Diclectic Canstant. g 338:0.05 348=0.005 3 - 10 GHz23°C IPC T 650
28 GH7?3 C PALS
Chissipaaaticon Tii:tor o002 00037 7 - 10 GHe#23°0 IPC-TM-B50
Lan, & PRl 30531 2.5 GHe 23 C 2553
Thermmal Coofficient A0 150 / ppmd G 100°C 1o 250 IPC 18 B50
of ¢ Zhhd
Yolume Resstivity 17 X710 1.2%10"0 WL cm COND A IPC-TRA- GO0
25171
Surface Resstivity 42 %10 EN Al 1) COND A IPC-Th-550
7hI1T
Flowctnezal Strenctia e Nz / K /mim 0.5Tmm 1170 ThA-E50
(7800 (a8l % mil) (040207 2LhE2
Tersile Modulus 26.885 11.473 b hPa RT AETM DE38
(39000 [1664) ks
Tensile Strength 141 175 ¥ MPa RT ASTM DG3S
120 4) [5.4) {kixsh
Mexural Stength 276 254 - hAP:1 IPC-ThA-B50
{40) (37 (ke 244
limensional Stalxlity <03 «{1.h B nmsm aftar otch TR B50
[milsAneh) -EAA1R07 7.4.39A
Cooefficient 11 14 X
af Thermal 14 16 ki g -hh o 2EETC IPC-TH-B50
Cxpaensicn 46 a0 z 210
Tg =260 =280 - o A IPC-ThA-B50 2.4.24
Thormal Conducctivity 064 02 - W 00 C2 ASTIA FA3
ML ABSOrETie:n 0.04 004 : H A8 NS Immersicn ASIM DH70
0.0G07 samplz
Teamperalre: 30 C
Diczrisity 1749 1.86 - qmierm 230 ASTM D792
Copper Pecl Strength 1.05 088 Nimrr atter selder float IPC-ThA-B50
(6.0 5 =] 17 FDRC hod 748
Mammeility MA EERRY ([
STANDARD THICKNESS: STANDARD PANEL SIZE: STANDARD COPPER CLADDING:
RO4003C™:
0.008" [(0.203rmum), 0127 (G.305mmim), 127 % 18 (303 X257 mm) Yooz (17urm), 1 oz (3dwm) aind
0016 (QA06mm). OPDT (LEDSmm) 247 X187 (B10 X 457 mm) 202 (I0ury clectradoepnsited coppaer fol
00327 [0.813mm), 00607 {1 524mimy 247 X 367 (B10 X 15 rrum)
RO4350B™: 487 X A6 {1724 m X 915 nun)

SR04 (0.0 nm), 900667 {L168mm),
0.0107 [(0.2592mmy, 0.0133 (0.338mm),
0.0166" (0.42Hmim), 0.0207 [0.5080um)
0.0307 [0762rm). 00607 1 524mmy

* Approval needed for §.004 mil material, Contact customer service.

(1] Diezlectrics constant and 1oss Langent ane reponled Based on IPC-TM-2.5.5.5 & GHe {stripling resonsaton). Departure from this test
meathoe or frecuency meay el dfforant valucs. It has toon reporteod that e some micrastnp apphoeatons. a oka (A of G72m
dicleCtnic canstant has beer otiseryed tor Doth ROA003 ard RO43308 basced an actual ciicml measurement and circut modding
compansons. s up te tha user o detenme which value bast fits the apeicaton and medahrg software used dunng the design
process while Rogars ensures the repeataixity of the product recaned,

(2] Dilectic constant typical value does not apply o 0.004 (0 101mm) laminates. Diclectic constant speaticaton value for 0.004
ROA3S08 manenal i 3.36 = 005
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+ Electrical

Dielectric Gonstant
copper clad
unclad

Loss Factor
unclad

Altenuation
copper clad

Dissipation Factor

* Thermal Properties

Coefficient of Expansion
[ppmideg C] Dielectric

Polyfon POLYGUIDE:

2.320 +0.008
2355 +0.010

1% 10° @ 1.0 MHz

0.04 dBJm
0.0002 + 00005@1.0 MHz

« Copper Clad & Unclad POLYGUIDE Diglectric

Dielectric Thickness Thigkness Variation

inch, mm inch, mm
020 L&ETél +.002 051
062 1.875 = 004 J02
125 3175 + 006 A7
a7 4,750 = .008 .203
* Copper Cladding Data
Copper Thickness Thickness Variation
Type inch,  (mm)  inch (mm}
Ve.oz 0007 0178 £.00007 00178
1 .0z 0014 0356 £ 00014 00358
2 .oz 0028 0711 £.00035 00711

only (XY, & Z Axes) 108
Operating Temperature + POLYGUIDE Qrdering Information
Range 5515 85°C
o POLYGUIDE laminates and dielectrics are supplied in
Selderability Excellent the following standard sheet sizes;
Decrease of Adhesion ,
. Dielectric Thickness Sheet Size
Rapeated Soldering None 020 160" % 30.0°
062 225 x 320"
125 225 w320
187 228" x 3200
» Genaral Properties
Substrate
Dielectric Strength 500 volts/mil Typical Ordering Code
Surface Resistivity 10" ghms, min.
Yolume Resistivity 10™ phms PG- 4 -62-14-14
Waler Absorption =0.01%

Chemical Resistance

Surface Outgas
Machinability
Thickness Vanation

Laminate

Copper Foil Punty
Copper Foil Resistivity
Peel Strength
Adhesives,
Intermediates

Resislant-to-very resistant:
weak and strong acids,
alkalis, & nrganic solvents.
Slight at 10™ torr

Will not alter properties
+002 " max, sheet-to-sheet

99.5% (min)
0.15940 ohm-gmim®
B.0 Ibsfin (min)

Mone

T

Basic Standard  Dielactric Copper Thickness
Type Line Thickness in 0.1 mils,
in mils

* Processing Information

For information regarding the processing and handling
of POLYGUIDE, please contact Polyflon, Also, as a ser-
vice to our customers, Polyflon offers expert in-house
cireuil processing of most microwave laminates.
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Polyfon CuFLON:

Electrical Thermal
Dielectric Strengﬁ:ﬁ il 2000 Vil Operating Temperature Range 5510 175 °C
10-20 mile 1000 Vimil Sheort Term Maximum Temperature 225°C
, Soldarability Excellent
Dielectric Con sta?'lﬁ c )1 Decrease of Adhesion, Repeated
7 ) .
1GHz 21 Soldering Naone
18GHz 241
) Coefficient of Expansion x 10 /°C
Dissipation Factor,23'C {-55 to 100 °C) for 31 mil board with
MHz 0.00010 1/2 oz, (0.7 mil) copper)
1GHz  0.00045 Dielectric only, X, Y, Z axi 12,90
18GHz 0.00045 & fic only, A, ¥, £ axXis .
Plated Dielectnic, Unetched, as
Resistivity:Copper@23°C 1.75x10" ohm - cm Supplied, X and Y axis 2.61
Volume Resistivity, Plated I[Jlalst:fnr.?.. Unetched, as
Dielectric 10" ohm - cm Supplied, 7 axis 19.40
Typical Circuit, one side Groundplane
Surface Resistivity, 10" ohmisg. Xand Y axis 261
Dielectric 2 axis 12480
Typical Circuit, two sides, Etched
Along Circuit Conductors 2.61
Between Parallel Conductors 12,90
Z axis 12,80
Mechanical CuFlon Ordering Information

Tensila Strangth,

Dielectric @23°C 2500 pei FTFE dielectric thickness of 1/4 through 5 mils are

provided in 9° x " sheets. Dielectric thicknesses of
Modulus of Elasticity, 10 mils and heavier are provided in 12" x 18" sheets.

Dielectric @23°C 6000 psi

Dielectric Thickness Standard Thicknesses in mils:
Dielectric Thickness Tolerance maximum 1/4,1/2,1,2,3, 4, 5,10, 15, 20, 31, 62*, 125+
1-5 mils 10%, * Mot available with 1/3 oz copper
10-62 mils +- 1 mil ** Mot available with 1/3 or 1/2 oz copper
125 mils +/- 3 mils
Standard Copper Cladding  Thickness  Tolerance Typical Grdering Code
113 oz. 5 mil +-.2mil
112 oz. .7 mil +- 2mil CF-A-31-7-7
10z 1.4 mil +/-.35mil — J 1T 111
20z 2.8 mil +i=.70mil I_I | L%
Basic Standard Dielectric Copper Thickness
Peal Strength 8 Ibfin Type Line  Thickness in0.1 mils.
Water Absorption =0.01% in mils
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