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ABSTRACT
MMIC VCO DESIGN

Aykut Erdem
M.S. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Abdullah Atalar
September 1995

In this study, three voltage controlled oscillator (VCO) circuits are realised
using Monolithic Microwave Integrated Circuit (MMIC) technology. Two of the
VCOs are in the capacitive feedback topology, whereas the last one is designed
by using the inductive feedback topology. GaAs MESFETs are used as both
active devices and varactor diodes. Designed for a 500 system, the circuits
operate in 8.88-10.40GHz, 8.71-10.23GHz and 8.96-12.14GHz ranges. Their
output powers are well above the 9.5dBm for most of the oscillation band. All
three VCOs have harmonic suppressions better than 30dBc. Both small signal
and large signal analysis are carried out. The layouts are designed by GEC
Marconi’s F20 process rules and the circuits are produced in this foundry.

Keywords : MMIC, VCO, varactor
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OZET
MMIC VCO TASARIMI

Aykut Erdem
Elektrik ve Elektronik Muhendisligi Bolimiu Yiksek Lisans
Tez yoneticisi: Prof. Dr. Abdullah Atalar
Eylil 1995

Bu ¢alismada tig adet voltaj kontrolli osilatér (VCO) devresi tek tabana
oturtulmusg timlesik devre teknolojisiyle tasarlanmigtir. Bunlardan ikisi kapa-
sitif geri-besleme yontemini sonuncusu ise indiktif geri-besleme yontemini kul-
lanmaktadir. GaAs MESFET transistorler hem aktif eleman hem de varaktor
diyot olarak kullanilmustir. 50€’luk sisteme gore tasarlanan bu devreler
sirastyla 8.88-10.40GHz, 8.71-10.23GHz ve 8.96-12.14GHz band aralifinda
caligmaktadir. Devrelerin gikig giigleri osilasyon bandinin biyik bir kisminda
9.5dBm’den olduk¢a yukaridadir. Bu ii¢ VCO devresinin harmonik bastirmasi
tagiyiciya gore 30dB’den daha agagidadir. Bu devrelerin hem kiiglik isaret
hem de biiyiik isaret analizleri yapilmigtir. Yongalar GEC Marconi firmasinin
sundugu F20 tasarim kurallar ile yapilmig ve devreler bu firma tarafindan

uretilmektedir.

Anahtar Kelimeler : MMIC, VCO, varaktor
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Chapter 1

INTRODUCTION

The current trend in microwave technology is toward miniaturization and in-
tegration. Component size and weight are prime factors in the design of the
electronic systems for satellite communications, electronic warfare, and other
airborne and commercial applications. Microwave integrated circuits (MICs)
promise higher reliability, reproducibility, better performance, smaller size and
lower cost than conventional waveguide and coaxial microwave circuits.

A MIC can be a hybrid MIC or a monolithic MIC (MMIC). A hybrid MIC
has solid state devices and passive circuits elements which can be fabricated
separately and can be connected to each other on a dielectric substrate. How-
ever MMIC is a technique by which both active devices and the associated
matching and biasing circuitries are fabricated onto a single chip of GaAs [1].

Hybrid MICs can be divided into two categories:(1) hybrid MICs and (2)
miniature hybrid MICs. Hybrid MICs use the distributed circuit elements
that are fabricated on a substrate using a single-level metalization technique.
Other circuit elements, such as inductors, capacitors, resistors, and solid state
devices, are added to the substrate. Miniature hybrid MICs use multilevel ele-
ments, such as inductors, capacitors, resistors,and distributed circuit elements,
deposited on the substrate and solid state devices attached to the substrate.
The circuit fabricated using this technology is smaller in size than hybrid MICs

but larger than MMICs.

MMICs provide low cost, improved reliability, reproducibility, small size,
low weight, broadband performance, circuit design flexibility, and multi-

function performance on a single chip.



Monolithic is a multilevel process approach comprising all active and pas-
sive circuit elements and interconnections formed into the bulk or onto the the
surface of a semi-insulating substrate. By 1980 many researches in MMIC had
been reported. The reason for the recent increase in MMIC research can be
summarized as follows:

1. Rapid development of GaAs material technology

2. Rapid development of low-noise MESFETs up to 60 GHz and power MES-
FETs up to 30 GHz

3. MESFETs, dual-gate MESFETs, Schottky-barrier diodes, and switching
MESFETSs can be fabricated simultaneously using the same process and al-
most any microwave solid state circuit can be realized using these devices

4. Excellent microwave properties of semi-insulating GaAs substrates (high
dielectric constant and low loss tangent)

5. Availability of CAD tools for reasonably accurate modeling and optimizing

of microwave circuits.

Now, many of microwave circuits, such as amplifiers, mixers, oscillators,
phase shifters are implemented using MMIC technology.

In this thesis three MMIC voltage controlled oscillators (VCOs) are de-
signed, and the design steps are explained from basic concepts, such as negative

resistance concept to the final designs.



Chapter 2

OSCILLATOR. CIRCUITS and
DESIGN TECHNIQUES

Oscillator circuits are very similar to amplifier circuits [3]. An amplifier am-
plifies signals supplied by a signal source whereas an oscillator amplifies the
noise caused by thermodynamic effects. The amplifier’s and oscillator’s block
diagrams are shown schematically in Fig. 2.1. For the amplifier shown in Fig.
2.1, to extract the maximum power from the source, the lossless matching cir-
cuit M, is used. The output lossless matching structure M, should be designed
to deliver the maximum power to the load. This amplifier is simultaneously
conjugately matched at input and output ports and the design of this circuit
is only possible when the stability factor is sufficiently large (k > 1).

Design of the oscillator is a similar problem. The important difference is

the stability factor which must be less than 1 (k < 1) for this case. The
load receives the power in the same way. A feedback circuit may be required

to bring k¥ < 1 at the frequency of interest. M3, the input network is used
for resonating the input port, whereas M, is just a matching network which

transfers the maximum power to the load.

Oscillators are nonlinear devices whose nonlinearity is primarily related
with the output power transferred to the load. Although the nonlinear cal-
culations or simulations are necessary for oscillator design, the small signal
approach constitute a very important design step especially for start-up oscil-

lations.

For oscillator circuits, many small signal design techniques exist. Two of



M1 M2
= Two-
% lossless
g port lossless L
S match transistor 02
match ’
Amplifier
M3 M4
Two-
lossless port lossless
. Load
resonator transistor
match
Oscillator

Figure 2.1: Block diagrams for amplifier and oscillator design

them, the best known and commonly used ones are:
1- Negative resistance approach

2- Reflective amplifier approach
Although the reflective amplifier method is more powerful in some cases, the

negative resistance approach is usually preferred by designers.

2.1 Negative Resistance Concept

The negative resistance can be considered as follows: When a voltage V is

applied across the negative resistor, -R, a current,

I=-V/R (2.1)
flows out of the negative resistor, generating a power I’R into the generator
(may be a noise source).

From another point of view, the negative resistance means that the reflec-
tion coefficient is greater than unity in magnitude. So, the reflection coefficient

4



for a negative resistance termination is defined as:

—R— 2 R+ Z,

= —— =
iy AR -y

>1 (2.2)

where, Zp is the characteristic impedance of the system.

2.2 One Port Negative Resistance Oscillators

The negative resistance circuits have the amplitude and frequency-dependent

impedance [2] as shown in Fig. 2.2.

N
\/

+

XL(w) XIN(V,w)
\Y
- —
RL ) RIN(V,w)
Ja\
\/
ZL(W) ZIN(V,w)

Figure 2.2: One port oscillator topology

Zin(V,w) = Rin(V,w) + j Xin(V, w) (2.3)

where,

Rin(V,w) <0
By connecting the negative resistance device to a passive load impedance called,
ZL(w) = Ry, +jXL(w) (2.4)

an oscillation can be built-up. Note that the one-port network in Figure 2.2 is

stable if;
Re[Zin(V,w) + Zr(w)] > 0 (2.5)

and oscillates when,

Liv(V,w)l'p(w) =1 (2.6)



A -Re{ZIN}

RIN(V0)

Steady-state operating point

P
\

Posc.
Power Output

Figure 2.3: Amplitude dependence of negative resistance

or,

R[N(V, w) + R, =0 (2.7)

In other words, the device is defined to be unstable over some frequency
range wy < w < wy if Ryny(V,w) < 0. The one-port network is unstable for
some wp, in the range if the net resistance of the network is negative, that is:

|Rin(V,wo)| > RL (2.8)

Any perturbation due to noise in the circuit will initiate an oscillation at
the frequency wyo, for which the net reactance of the network is equal to zero,

XL(?.UQ) = —X[N(‘/, wo) (29)

As a result, a growing sinusoidal current at wg will flow through the circuit
and the signal will continue to build up as long as the net resistance is negative.
At steady state the amplitude of the voltage reaches its final value, called Vj,

which occurs when the loop resistance is zero.

To satisfy the conditions given in Eq. 2.7 and 2.8, the impedance Z;n(V, w)
must be amplitude dependent. This can be seen in Fig. 2.3. In summary, the

oscillation conditions are as follows [1]:
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1. Oscillation start conditions

Re[Zy] < |Re[Z1n]] (2.10)

where,
Re[ZIN] <0

and,
Im[ZL] = —Im[ZIN]-

2. Steady state oscillation conditions

Re[Z1] = |Re[Zin(Vo)]| (2.11)

where,

RC[ZIN] <0

and,
Im[ZL] = —Im[Z,N]

Even if these conditions are met, the oscillation may not be stable. Fortu-
nately, the stability can be guaranteed by using small signal properties of the
active device with the help of Edson’s stability criteria [20]. Edson’s stability

criteria states that:

OR 0X
'a—w>0 ,and 0_w>0 (2.12)
where,
R= R[N(V, w) + R,
and,

X=Xw(V,w)+ X,

2.2.1 Series or Parallel Resonance

Oscillators can be considered as, series-resonant or parallel-resonant oscillators
[3], as shown in Fig. 2.4. For the series-resonant circuit, the negative resistance
of the active device must exceed the load resistance Ry, at start-up of oscillation.

Practically, for start-up of oscillation,

Re > 1.2R;, (2.13)



IXG IXL

.

rg TL
(a)

g TL

(b)

Figure 2.4: Oscillator equivalent circuits (a) series-resonant, (b) paral-
lel-resonant

for resonance,
Re+R, =0, Xg+ X, =0 (2.14)

Note that, all the discussions of one-port oscillator approach given above are

in the series resonant case since it is commonly used.

For the parallel-resonant case, the negative conductance G of the active

device must exceed the load conductance G, for start-up oscillation condition.

Gg > 1.2GL (2.15)

for resonance,

Ge+GrL=0,Bs+B,=0 (2.16)



2.3 Two-Port Oscillator Design

Usually, the input port is resonated with a passive high-Q circuit at the desired
frequency of resonance. Note the Fig. 2.1, where Mj is the lossless resonator
and M, provides lossless matching for maximum power transfer to the load. If
the first port (resonator port) oscillates the output port resonates also or vice
versa. Thus any of the ports can be used for load termination.

The proof is as follows:

1/Tin =Tg (oscillation condition at port#1) (2.17)

The input reflection coeflicient I'sy is given by,

Si2énl'  Su— Al (2.18)

F'in=S =
A % Sl O
where,
A = 511522 — S12521
and, S
1 — 550
g =——"7 2.1
7 Su—-Al (2.19)
For the output port, the reflection coefficient is,
S1251T Sae — AT
Tour = Spp + o2& - 22 ¢ (2.20)

1—511PG - I—SIIFG

Including ' into the last equation,

Sop — A(_I—_Szz&._

Four = Susels (2.21)
1~ 511(5'11—AFL)
After some ,
1/Tour =T (oscillation condition at port#2) (2.22)

A design procedure for a two-port oscillator is as follows:
1. Use a potentially unstable transistor or make it unstable at the frequency
of interest by using proper feedback techniques (i.e., make k < 1).
2. Design an output load matching network that gives |[';y| > 1 over the

desired frequency range.
3. Design a resonator which resonates the input port. The resonator Q factor

must be as high as possible in order to satisfy the start-up oscillation condition

(Tglin > 1) and to improve the noise performance of the oscillator.



2.4 Reflective Amplifier Approach

Although the negative resistance approach is commonly used for microwave
oscillator design, there is a fundamental problem [14] in viewing oscillators this
way. The problem is that; S-parameters are more commonly used by microwave
engineers and those parameters are more meaningful than impedances due to
the difficulty to correlate the mathematics with the actual measurement.

Consider a one-port circuit with input S-parameter S;; and a resonant load
with a reflection coefficient I' (Fig. 2.5). A noise signal considered as E which

ESl11
ONE-PORT RESONANT
ACTIVE LOAD
DEVICE r
ESII T

Figure 2.5: Oscillator with one port active circuit and a resonator

is incident on the port 1 and the reflected wave is given by S1; * E. This will
then be re-reflected by the load giving Si; * E *I', which will again be incident
on port 1. For oscillation to occur the following conditions must be satisfied

together:
and,
ang(Su1) + ang(T) + ang(E) = ang(E) (2.25)
| 11/5u| < |T| (2.26)
ang(1/Sn) = ang(T) (2.27)

If 1/5;; is plotted on a Smith chart, R and X can be read and multiplied by
-1 to get the values of the negative resistance and reactance. The proof is as

follows:
S =(2s— Zo)/(Zs + Zo) (for port#l) (2.28)
1/81u = (Zs + Z0)/(Zs — Z) (2.29)
Let Z1 = -—Zs,
1/511 = (Z1 - Zo)/(Z1 + Zo) (230)

10



In order to get Zs, 1/51; is plotted onto a Smith chart, Z; is read and then
multiplied by -1.

The negative resistance approach may give erroneous results. To illustrate
this, consider the cases A and B shown in Figure 2.6.

For case A:
Zs =—40+ 3509

[1/511] = .111
ang(1/S11) = 180
Zr=20+500Q
II'| = .428
ang(T') = 180

The net reactance is zero and the resistance is negative. Thus, one can see

that an oscillations occurs considering the negative resistance approach.

For case B: The oscillations are again met. The source and the load

impedances are:
Zs =-150+ ;09

[1/S11] = .5
ang(1/511) =0
Zr =200+ 3509

II'|=.6
ang(T') =0

The phase cancelation again occurs, but the net resistance is positive. So, the
negative resistance approach fails (one can easily see that an oscillation can
not occur). The answer to this problem lies in whether one uses a series or a

parallel model for R,.

2.5 Large Signal Oscillator Design

Actually, the oscillators are the large signal devices. Thus, the small signal
analysis do not support close estimation of the oscillation frequency. In ad-
dition, some important properties such as, output power, efficiency, harmonic

11



content etc., can not be predicted by using small signal analysis. Nevertheless,
the small signal analysis is a very important design step.

The oscillation begins by any transient excitation in the system if the start-
up oscillation conditions are met. When the oscillation begins, the output
power increases while decreasing gain and bandwidth. This phenomena can be

seen in Fig. 2.6.

Large signal analysis is necessary for the optimum design [13] (i.e., for max-
imum power output). However, for this purpose the large signal S-parameters
are needed. These parameters are obtained with the following procedure:
Small signal S-parameter measurements are used with a computer program
to compare the packaged and mounted device equivalent circuit. Large sig-
nal measurements are made by varying the input signal power level. Once the
equivalent circuit has been computed from the small signal S-parameters, those
parameters varying under large signals are incrementally altered until large sig-
nal S-parameters are obtained corresponding to the oscillator maximum output

power.

There are six oscillator topologies for optimum power output. Three shunt
and three series configurations are given in Figures 2.7, 2.8. The embedding ele-
ments, By, By, B, X1, X2, and X3 are calculated by using Y and Z-parameters.
The references [11], [13], [24] give the detailed expressions for embedding ele-
ments. The Y and Z-parameters can be obtained by conversion process from

S-parameters.

On the other hand, it is not so easy to obtain the large signal S-parameter
of an active device. Since the large signal parameters are power dependent
and the oscillation power can not be known at the beginning of the analysis,
this analytical method is difficult for starting the design. Therefore, some
simulation tools such as LIBRA and MICROWAVE HARMONICA are used

for large signal oscillator design. These programs simulates the circuit by using

“Harmonic Balance” analysis (see Appendix A).
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Figure 2.6: Oscillator signal growing
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Figure 2.7: Three shunt configurations
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Figure 2.8: Three series configurations
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2.6 Low Noise Feedback Oscillator Design

When an amplifier has a sufficient fraction of its output signal applied in phase
to its input, the conditions for oscillation are met. In a low noise design it is
essential to limit these sufficient conditions to a very narrow band [5]. If the
oscillation conditions are limited to an infinitely narrow band, the oscillator

will oscillate only at that unique frequency.

In other words, if there are no changes or variations in phase around the
loop, the output is a single coherent frequency resulting no FM noise. However
an amplifier has imperfections that cause small random changes to its phase
shift. The output frequency fluctuates to maintain an integral multiple of 360

degrees. Thus, the phase noise sidebands are produced.

Consider the Fig. 2.9 to examine this problem graphically. In this figure,
the frequency of oscillation occurs where the phase of the amplifier and the
phase of the feedback circuit add-up to zero. If any phase shift occurs at
the amplifier output port resulting from the amplifier noise or any external
perturbations, the oscillation moves to the frequency where the phase condition
is again met (i.e., the sum of the phases again adds to zero). One can see that,
the frequency fluctuations can be reduced by reducing the phase fluctuations
of the amplifier or by increasing the phase slope of the feedback. That requires

designing a low noise amplifier with a high-Q feedback circuit.

Fig. 2.10 shows a block diagram of one possible low noise oscillator con-
figuration. In order to obtain high phase slope a high-Q narrow band filter is
used. The BPF filters the wide band noise but no specific high phase slope
is represented in the feedback loop. The phase and magnitude adjustments of
feedback is represented by a resistor. Due to the existence of BPF, the internal
feedback characteristics are altered to a higher phase slope by the reflections

of the high-Q resonant circuit.
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Chapter 3

GaAs MESFET and
VARACTOR

3.1 GaAs Material Overview

Gallium arsenide (GaAs) is the most important of the III-V compound semicon-
ductors today to fabricate high speed devices such as FET, bipolar transistors,
solid-state lasers and integrated circuits. The most advantageous properties of
I1I-V materials are [25]:

1. Higher speed electrons

2. Lower voltage operation

3. Semi-insulating substrates

4. Monolithic integration of optical and electronic functions

5. Radiation hardness

Because of the significantly higher electron drift velocity in gallium arsenide
relative to silicon, the transit time delay in a GaAs FET is much less than a
silicon FET. Thus, it operates at higher frequency than a silicon FET does.
Commercially, GaAs FETs that operate up to 50 GHz are available.

3.2 Basic Device Structure

Fig. 3.1 shows a cross section of a GaAs MESFET. The MESFET is a unipolar
device (i.e., it is a majority carrier device unlike the BJT). The basic structure
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Figure 3.1: Cross section of a GaAs MESFET

of a MESFET consists of a thin film of N-type gallium arsenide with two ohmic
contacts, called the source and the drain. N-doped epitaxial layer is used to
realize the active channel. The third contact is the Schottky-barrier gate. A
FET gate is a long, thin strip of metal that forms a Schottky barrier contact
along the middle of a FET’s GaAs channel. Usually, AuG (Gold Germanium)
is used as the ohmic contact material. On the other hand, some choices are
possible to form the gate metalization [1]:

- Aluminum

- Chromium

- Titanium

- Molybdenum

- Gold

These metals are preferred because of their relatively slow diffusion into GaAs,

high conductivity and good adhesion properties.

3.3 Operating Mechanism

The MESFET is biased by the two sources shown in Fig. 3.2: V4, the drain-
source voltage, and V,,, the gate-source voltage. The voltages control the
channel current by varying the width of the gate-depletion region. Consider
the Fig. 3.2.a where, V;; = 0 and Vg, is raised from zero to some low value.
When V,, = 0 the depletion region under the Schottky-barrier gate is relatively
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Figure 3.2: MESFET operation: (a) low Vg,; (b) V4, at the saturation point;
(c) hard saturation

narrow, and as Vy, is increased, a longitudinal electric field is created resulting a
current in the channel. Since the drain voltage is higher than the source voltage,
the depletion region is greater at the drain end than at the source end. When
Vis is low, the current is approximately proportional to V,, . In other words,
for a small Vj, the active layer behaves like a linear resistor. However when the
gate reverse bias is raised while the drain bias is held constant, the depletion
region widens reducing the current. If V,, = V, (at the pinch-off voltage)
the channel is fully depleted and the drain current is zero. For a larger V,,
the channel current increases and the conductive channel becomes narrower.
Since the average velocity of the electrons can not exceed the saturated drift
velocity, the current-voltage characteristics fall below the initial resistor line
as shown in Fig. 3.2.b. After that point, the electron concentration rather
than velocity must increase in order to maintain current continuity. If Vg, is

increased further, the electron flow starts to saturate (Fig. 3.2.c).
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Figure 3.3: 4% 75 GEC MESFET I, — Vy, curves

In conclusion, the operation of the MESFET is controlled by the active
thin layer, whose thickness can be varied by the depletion layer under the gate
resulting a current control by V,, and Vy,. The I4_Vy, curves are obtained
by using LIBRA for GEC Marconi 4 * 75 FET (4 finger FET with each finger
75pm wide) are shown in Fig. 3.3.

3.4 MESFET’s Small Signal Model and

Equivalent Circuit

Modeling a device is very important task to provide a agreement between the
measured data and the electrical processes occurring within the device. Each
element in the equivalent circuit provides a lumped element approximation
to some aspect of the device physics. Physically, the active channel should
be represented by a distributed RC network. However, simple lumped linear
element equivalent circuits are used to describe and equivalently represent the
linear FET behavior in order not to complicate the circuit designers’ task.

These models are verified in representing the FET up to 20 GHz [23]. A
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Figure 3.4: Small signal model of a MESFET

commonly used model is given in Fig. 3.4 . Some of the elements are extrinsic

and the others are intrinsic.

The extrinsic elements are: R, and Ry represent both the ohmic contact
resistance and the resistance of the doped layer under the electrode and the
element R, is the gate metal resistance (reduced when the number of gate fin-
gers increased). Cy, represent the coupling capacitance between the drain and
the source through the substance. Ly, Ly and L, are the parasitic inductances

associated with the metalizations.

The intrinsic elements Cy, and Cy; represent the fringing capacitance be-
tween the drain and the gate, and the gate to source, respectively. The charging
resistance in the channel represented by R; and Ry, shows the effect of drain-
source channel resistance. Lastly, the transconductance g, = gmoe™?*™ where
gmo 1s independent of frequency and 7o is a phase delay. This delay corre-
sponds to the time required for electrons to traverse the gate length at the

scattering-limited velocity.

3.5 Nonlinear Modeling of MESFET

Since the foundry, GEC Marconi supplied only the Curtice cubic model for
LIBRA, this model has been briefly investigated here and illustrated in Fig.
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Figure 3.5: Curtice-cubic nonlinear MESFET model

3.5 wherein three voltage-controlled current sources determine the main non-

linearity of the device.

This is an empirical model. Thus, some equations given below are valid for

only the given conditions. These equations are as follows:

Id, = (Ao + A1V1 + A2V12 + A3‘/13)ta.nh(’)’%ut(t)) (31)
where, V] is the input voltage that is given by,

Vl = Vin(t - T)[I + ,B(Va(:u - Vout(t))] (3'2)

here,
B:the coefficient for pinch-off voltage change,
V0 :the output voltage to evaluate the constants Ag, A;, A2 and As,

out’
7:the internal time delay of the FET under consideration.
Eq. 3.1 is valid only when V3 > 0 (i.e., Voue > 0), because the drain I/V
characteristic is not symmetrical about the origin of the I/V and must be used

with the constraint I; = 0 when V, <V,

I, = (Vag(t) — VB)/ Ry, Vag > VB
’ O ) ‘/dg < VB

where,
R;:the approximate breakdown resistance

Ve = Vo + Ra 1y,
22



R:the resistance relating breakdown voltage to channel currents.

1o | Ve =Va)/Ry V() 2 Vi
! 0 y Vin(t) < Vai

where,
Vsisthe built-in voltage,
Ry:the effective value of the forward-bias resistance.

Cya,yd = CgaO,QdO[l - Vaz’plied/‘_/bi]—1/2 (3-3)

where,

Vapplied:the gate-source or gate-drain voltage,

Cjys0,9do:the zero bias gate-source or gate-drain capacitance.

The other elements’ values are obtained from the Fukui measurements [28]

and the small signal model. Further knowledge about nonlinear models can be
obtained from the M.Sc. Thesis works of F. Oztiirk [22] and F. Ustiiner [23).

3.6 Varactor Diodes

The varactor is a semiconductor capacitor whose capacitance value can be
changed (or controlled) by the voltage applied across its terminals. They are
widely used in the microwave circuits such as VCOs, parametric amplifiers,

frequency multipliers, etc.

Varactor diodes are constructed from both silicon and gallium arsenide. A
cross section of a varactor diode is shown in Fig. 3.6. The active layer is in a
necked portion of the diode called a mesa. The use of the mesa is to provide

diode area control by selective etching.

The doping profile of an abrupt junction and the hyperabrupt junction

varactor diodes are given in Fig. 3.7.

A varactor supports current flow when forward biased above its barrier
potential. Under reverse-bias conditions, a depletion region forms within the
N region of the diode. While increasing the reverse voltage this region of space
charge (depletion layer) widens, until it extends across the entire N region.
Since the depletion region is positively charged in N region, the equal amount
of negative charge exist in the P region and these charge layers act as if parallel
plate capacitor. Increasing the reverse voltage, these layers move apart from
each other causing a decrease of junction capacitance value. As the charges
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Figure 3.6: Cross-sectional diagram of a varactor

are depleted, by increasing voltage, the capacitance of the diode decreases

accordingly to the relationship:
C =eAld

where, d is the nominal separation between charges and A is their effective area.
The varactor diode can be represented by a simple series RC circuit as shown
in Fig. 3.8. The series resistance decreases as the reverse voltage increases.
The reason is the depletion region widening while increasing the reverse bias

voltage.

Most microwave-frequency varactors are realized in silicon. The minority
carrier lifetime in silicon is greater than in GaAs so for lower frequency oper-
ation (i.e. below about 20 GHz), and the charge-storage properties of silicon

diodes are better than those of GaAs devices. However, at higher frequencies,
GaAs has the advantage of lower series resistance and consequently higher

dynamic Q.

The expressions for capacitance and resistance of an abrupt or a hyper-
abrupt junction diodes, as a function of applied reverse bias voltage are as

follows:

C;(0)

C;(V) = A[m]‘r = AK(q) n V)‘Y = i %)’7 (3.4)
l—w
R,(V) = (3.5)

enpa
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Figure 3.7: Doping profiles of abrupt(a) and hyperabrupt(b) junction varactors

2¢(¢ -V

w(v) = (222 Dp (36)
where,

®:built-in potential,

C;(0):a constant(mathematically equal to junction capacitance when V = 0),
v:capacitance-voltage slope exponent,

A:junction area(cross-sectional area) of the diode,

e:semiconductor dielectric constant,

n:average doping of the active region,

V:applied reverse voltage,

e:electronic charge,

l:active region length,

w:depletion layer width,

p:semiconductor mobility in the active region,

K :constant.

For simple abrupt junction varactors, gamma is constant and nominally
equal to 0.5. The junction is referred to as hyperabrupt when v > .5 and
for most commercially available varactors, the value of v varies widely with

applied voltage.

| AANNA——O
o, 4

C_] Rs

Figure 3.8: A simple model of a varactor
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Figure 3.9: Capacitance tuning characteristics of an abrupt and a hyperabrupt
junction varactors

Fig. 3.9 shows the comparison between the capacitance of a hyperabrupt
diode and the capacitance of an abrupt diode. The hyperabrupt junction var-
actors have a non-uniform N region doping profile, which is tailored, resulting
the more rapid capacitance change than in abrupt junction diodes.

Typically, a varactor-tuned oscillator’s frequency and tuning voltage have
a nonlinear relationship. The amount of tuning nonlinearity can be reduced
by using any one of the three following methods:
1. Reducing the tuning range
2. Using hyperabrupt junction diodes.
3. Employing external linearizer circuits.

Usually, the value 4 varies with applied voltage. However, to achieve linear
frequency tuning without the use of a linearizer, the constant gamma hyper-
abrupts are needed [9]. For a simple resonant circuit comprised of an induc-
tance, L and the varactor junction capacitance C;(V), the frequency-voltage
relationship is given by:

1 1 Vv

_ _ 2 yv/2

o
and the desired v for linear tuning is 2.0 . However, in nearly all microwave
circuits the varactor is not the only capacitance in the resonator. Instead, the

capacitance of the active element (C;(V)) is only a portion of the capacitance of
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Figure 3.10: A series resonant circuit with a coupling capacitor C,

the complete resonant circuit. An analysis were performed by A. E. Moysenko
[9] for the simple series resonant circuit illustrated in Fig. 3.10 wherein a
fixed capacitance, C,, is used in series with the varactor. The result provides

guidance to the selection of a suitable v for the circuit designer.

The total capacitance is:

L1, 1 1 1V,
Cr(V) a+0j(V)_C,+Co(1+<I>) (3.8)

Let,
CTO = CT(V = O)

Define, K, = %1;‘1, coupling factor (0 < K, < 1)

1 1 1
S 3.9
Cre ~C. T T (3:9)
1 K,

- = 3.10
o Cro (3.10)

1 1 1 1 K, (1-Ks)
= - = 3.11
C. = Cre Co~ Cre Cro~ Cro (3:.11)

Hence, . . y

=—\1-K,+ K,(1 + =) 3.12
G V) CTo[ ( q)) ] (3.12)

and the resonance frequency,

1

1
“W-%ﬁﬁwvana%

When K, = 1, the varactor is fully coupled and the corresponding optimum
value for ¥ = 2.0. When K, approaches zero, the varactor becomes heavily
decoupled and only narrow-band frequency tuning is possible and the optimum
~ approaches 1.0. For intermediate vales (0 < K, < 1), an optimum value of
constant v for linear frequency tuning is predictable for any particular tuning

—&+Kﬂ+%) (3.13)

27



Cmax
CMIN

CAPACITANCE RATIO

X, {RATIO)

OPTIMUM ¥

MAX

FREQUENCY RATIOR =
fMIN

Figure 3.11: Constant - selection plot for linear tuning [9]

bandwidth by using the results of the analysis [9] as shown in Fig. 3.11, on
which the optimum 7 value is plotted versus the frequency ratio, fr.z/fmin,

with the coupling factor, K,, as a parameter.

From the circuit designer’s viewpoint, this simplified analysis can be used
for selection of constant gamma hyperabrupts. For example, suppose this cir-
cuit specification requirement is for a tuning ratio of 2:1, the designer could
select ¥ =2.0 and fully couple the varactor with Cpzz/Crmin = 4. Alternatively,
K, can be chosen as 0.6, where v should be chosen as 1.6 and Ci,,z/Cinin > 6.
Further decoupling can also be selected to improve resonator Q with corre-
spondingly lower y. However there is a limit for K, since Coz/Cmin has a

limited value.

The FM noise in an oscillator is inversely proportional to the resonator’s
Q, so high Q resonators are very desirable for minimizing the FM noise. In a
varactor-tuned resonator, Q is inversely proportional to its tuning range. This
nonlinear behavior can be included in the equivalent circuit of the varactor

diode [29] as shown in Fig. 3.12.

The conductivity G(V) is given as:
qls A
=T= 14
G(V) = et (3.14)
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