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VI. APPENDIX

The derivation of Green’s functions of this type is fairly well

known and the details are not presented here. The following Green’s
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Abstract— A CPW 2 GHz 3-port MESFET oscillator was designed
with an electro-optic modulator application in mind. The oscillator has
a self-biased gate. The source or drain ports can be used for external
injection-locking. The frequency of oscillation, as well as the output
power at the fundamental and first two harmonics were analyzed using a
uonlinear device model and a harmonic balance technique. Comparison

with measured resnlts on a hybrid CPW oscillator fabricated on a Duroid
substrate are presented.

I. INTRODUCTION

Recently, there has been great interest in gigabit modulation

of guided optical signals for high data rate communications. A

Mach–Zehnder modulator with electrodes in a push/pull configu-

ration, fabricated with both SiOz and SiN buffer layers and iridium

tin oxide (ITO) was reported in [1]. The difficulty in the operation

of wideband modulators is that the modulation is performed with

an applied voltage. For a practical modulation index this voltage

needs to be at least 5 V. The necessary modulating power decreases

dramatically with the electrode structure. Izutsu et al, [2] presented a

three-electrode coplanar waveguide modulator with a short circuited

resonant line for the modulating electrode. Atiother analysis of CPW

for LiNbOs optical modulators was presented in [3], but no active

modulators for this purpose have been reported in the literature.

The purpose of designing the CPW oscillator presented in this

work is an efficient, compact, low power, active modulator with an

open circuited resonant line for the modulating electrode. A 2-port

superconductive CPW oscillator has been reported in the literature

[4], but the approach taken here was to design a 3-port oscillator,

and use the additional port for external injection-locking.

CPW is an attractive guiding medium for this application for a

variety of reasons. Since the microwave voltage is applied between

the central electrode and coplanar ground planes, many layers can

potentially be stacked for dense electro-optic interconnects. The

ground planes act as a good heat sink and monolithic implementation

is compatible with active device layout, so that no via-holes are

required. Further, although the widths of the gap and inner conductor

are not fixed for a given impedance, their ratio is fixed. This allows

for flexible design and high frequency operation.

II. DESIGN, ANALYSIS AND MEASUREMENT OF THE CPW OSCILLATOR

The oscillator configuration is shown in Fig. 1. The analysis of

the oscillator was done on Hewlett Packard’s Microwave Design

System (MDS) using transmission line circuit modeling. The device

is a Fujitsu GaAs MESFET (FSC1 lFA/LG), which is a low noise

device for C-band satellite communication receivers. The gate of the

device is self-biased in order to minimize the number of bias points.

The source and the drain are connected to 50f2 transmission lines.

If needed, an additional bias line can be added at an appropriate

place along the gate resonator. Since the gate is self-biased, and

therefore the transistor is deep in saturation, a nonlinear analysis

was performed.
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Fig. 1. The circuit layout. The gate of the MESFET is self-biased and is

connected to a resonant section of open-circuited transmission line. The dashed

line shows the possible position of optical waveguides in a Mach-Zehnder

modulator. All CPW lines were designed to have impedances of 500.

Quasi-static formulae for CPW [5] were used to design the CPW

circuit:

307r Ii(k’)
Zocpvi = ——

r

* A-(k)
2

(4)

where: k = S/S + 2W, k’ = ~, S is the width of the
inner conductor, W is the width of the gap, G. is relative dielectric

constant of the substrate and A“( k) is the complete elliptic integral

of the first kind. Equation (1) is valid for an infinite substrate

thickness, but is still a good approximation for a substrate thickness

greater than 3W. From (l), for ~, = 10.5 and ZOCPW = 500, k

was calculated to be 0.5. This gives values of S = 1.6 mm and

W = 0.8 mm, and since the substrate thickness is 2.54 mm, the 3W

criterion is satisfied [5]. Another design consideration was the size

of the ground plane. Equation (1) is valid for a ground plane that

is greater then 5S = 8 mm, which was taken into account in the

final implementation. During the fabrication process of the circuit

shown in Fig. 1, the widths of the gap and the inner conductor have

changed. Their ratio remained the same, which would give the same

characteristic impedance from (1). However, for the actual value of

the gap width, the thickness of the substrate is no longer greater

than 3W, so equation (1) is not valid. Instead, experimental curves

were used to find the characteristic impedance for a finite substrate

thickness [5], which gave a 55fl impedance for all transmission lines.

In the experimental portion of this work, the source lead was

connected to a 500 load and the oscillation frequency and the power

of the fundamental mode were measured using a HP 8593A spectrum

analyzer as a function of the drain bias. The oscillation frequency of

the fundamental mode $1 was between 1.840 GHz and 1.905 GHz,

depending on the drain voltage. The total change in frequency was

60 MHz, when VD was changed from 0.6 V to 3 V. Fig. 2 shows

the measured power of the fundamental mode as a function of

drain bias. There is a slight hysteresis in the power curve as the

drain voltage is changed. All of the results correspond to values

of power measured when the drain voltage is decreased. A Curtice

cubic model was used for the transistor and a harmonic balance

technique for circuit analysis [6]. The Curtice cubic model uses a

third-order polynomial to describe the drain current. Fig. 3 shows the

comparison between measured and predicted results for the frequency

of oscillation of the fundamental mode as a function of the drain bias.

The difference between measured and predicted values is at most

20 MHz for V~ = 2.3 V, a 1% difference. Fig. 4 shows the measured

and modeled power for the first three harmonics. AO three simulated

Fig. 2.
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Fig. 3. The measured (cross symbols) and modeled (solid line) frequency
of oscillation of the fundamental mode versus drain bias. The measured and
theoretical values disagree by at most 20 MHz around 2 GHz (a 1% error).

curves follow the behavior of the measured ones. For the fundamental

mode, the difference between the measured and predicted values is

1.5 dB for VD = 2.3 V, while for the second harmonic it is between

3 dB (for Ih = 2.3 V) and 3.5 dB (for l’~ = 1.3 V). For the self-

biased oscillator, the gate voltage depends on the drain voltage; it

drops as the drain voltage is decreased. However, in the MDS model

the gate voltage is kept fixed as the drain voltage is swept, which

might be the cause for discrepancies in the harmonic power levels.

Au experiment was also done with the drain terminated in a 500 load

and the oscillations in the source were measured. The frequency of

oscillation remained almost unchanged, but the power was different.

Table I shows the power of the fundamental mode in the source and

in the drain versus the drain bias IZD. As V~ goes up, the drain port

proportionally takes up more of the power.

An external injection-locking signal can be injected in the source

for modulation purposes or for reducing the oscillator noise. The

injection-locking bandwidth of the oscillator was measured versus

the injected power. The locking bandwidth depends on the applied

drain voltage with results shown in Fig. 5 on a logarithmic scale.

Many authors have shown experimentally that the locking range is

proportional to the square root of the injected power [7] – [9], as

long as the injected power is kept sufficiently low. This relationship

occurs here, as well. However, as the injected power increases above

– 14dBm, the injection locking range power dependence deviates

from the square root relationship. This can be seen in Fig. 5, where

the dashed line shows a slope of 1/2, corresponding to the square root
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Fig. 4. Power of the fundamental (a), second (b) and third harmonic (c)
versus the drain bias voltage. The nonlinear simulation is shown in solid line
and the measured results with cross symbols.
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Fig. 5. Measured injection-locking bandwidth versus power injected into the

source shows a square root dependence with injected power for small injected
power levels. The dashed line has a slope of 1/2, for comparison.

of the injected power. The loaded Q-factor is found from injection-

locking measurements [9] to be between 10 and 13, depending on

the bias point.

III. CONCLUSION

A three-port MESFET oscillator built in CPW technology was

demonstrated at 1.9 GHz for VII = 3 V with an output power

of 8 dBm. Such an oscillator topology on a GaAs or any other

electro-optic substrate should be suitable for high-speed electro-optic

modulator applications. For an efficient optical modulator, one needs

a voltage around 5 V across the optical waveguides, shown in dashed

line in Fig. 1. In the oscillator presented in this paper, this voltage

was around 1 V. A possibility for improvement is to use a higher

power transistor, and to optimize the circuit structure for higher

impedance, thereby reducing the current. This could be done by

increasing the output load, which changes the operating point of

the device (load pulling). The res~lting relative voltage increase is

larger than the relative power increase, which is advantageous for

minimizing output power while maximizing the output voltage used

to modulate the optical signal. This is also an advantage for devices

built on temperature sensitive organic materials, such as nonlinear

optical polymers [10].
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