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Fig. 6. Output RF powers as a function of incident RF power for the same

device as in Fig. 5. Solid lines are data and dashed lines are calculated from

FET model not including bias dependencies of Cg, and Cdg.
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Abstract —This paper studies the application of heterojunction bipolar

transistors (HBT’s) to low-noise microwave circuits. Design considerations

cod the low-noise performance of a Ku-band free-ronning oscillator using

a self-aligned AIGaAs/GaAs HBT are described. The device has a novel

. strnctore in which by utifizing Si02 sidewalls the base surface areaj which

is the main cause of low-frequency noise, is drastically reduced. For a

colleetor current of 1 mA, the fabricated device has base current noise

power densities of 4 X 10-20 A2/Hz, 6 X 10-21 A2/Hz, and 2.5 X 10-21

A2/Hz at baseband frequencies of 1 kHz, 10 kHz, and 100 klfz, respec-

tively. The prototype oscillator operating at 15.5 GHz has a measured

outpnt power of 6 dBm and SSB FM noise power densities of – 34

dBc/Hz at 1 kHz, – 65 dBc/Hz at 10 IcHz, and –% dBc/Hz at 100 ldfz

off-carrier, respectively, without employing any high- Q elements such as a

dielectric resonator. The results of this study demonstrate the suitability of

HBT’s for low-phase-noise microwave and millimeter-wave osciffator appli-

cations.
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I. INTRODUCTION

With rapid advances in microwave communication technology,

there is increasing demand for low-phase-noise oscillators operat-

ing at microwave frequencies. Oscillators fabricated with C+RAS

FET’s suffer fro:m a high level of phase noise [1]. This noise

results from the baseband noisy characteristics of the device due

to large amounts of free-surface, depletion-layer, and channel–

substrate interface trap centers.

Oscillators fabricated with Si bipolar transistors, which are

only available up to about 20 GHz, show excellent noise behavior

[2], [3] since the clevice has a vertical structure and features a very

small number of recombination trap centers. On the other hand,

continuing progress in compound semiconductor crystal growth

technology has led to the development of heterojunction bipolar

transistors (HBTs) which, when compared with GaAs FET’s and

Si bipolar transistors, promise sulperior applicability to mi-

crowave oscillator circuits with appreciably low noise perfor-

mance.

The present paper is concerned with the application of

AIGaAs/GaAs HBT’s to low-phase-:uoise Ku-band oscillators.

II. PHASE NOISE GENERATION IN OSCILLATORS

The phase noise spectral density S$(o-r) for a microwave oscilla-

tor operating at a frequency OJowith an RF current amplitude A.

in terms of the low-frequency noise spectral density &~ ( u,, ), the

device impedance – Zd (A), and the circuit impedance ZC( co) can

be given by [4]

So(ob)

“sLF(@b) (1)

with

SLF( (i)b) = (i:F) /Hz

A(T)A:
. —— (2)

(J8

where (i~F ) represents the device 1ow-frequency noise current

power spectrum, A(T) is a temperature-dependent proportional-

ity factor, cob is the baseband frequency, O is the device line
Zd (A) and impedance locus Z,(O) intersecting angle at ( UO, Ao),

a = 2, and /3 = [5], [6]. With respect to (1) and (2), the oscillator

phase noise is an tip-conversion of the active device low-frequency

noise into the carrier frequency through an interaction of the

active device witlh the passive circuit.

To achieve a low-phase-noise oscill ator it is, therefore, of prime

importance to employ devices demonstrating low l/~ noise. The

l/f noise behavior for a microwave transistor is strongly influ-

enced by the device structure and lby the factor ii in (2). The

principal mechanisms for the generation of low-frequency noise

in lateral structure devices such a.s GaAs FET’s are (i) the

interaction of carriers with traps in the oxide near the source–gate

and gate–drain free surface region, which results in the surface

mobility fluctuation; (ii) generation--recombination (G– R) traps

in the gate/channel depletion region; and (iii) traps at the

channel– substrate interface [7]. In Ihe case of vertical-structure
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devices such as Si bipolar transistors, l/~ noise is generated

mainly due to (i) base surface–recombination velocity fluctuation

and (ii) carrier recombination in the emitter-base space charge

region [8], [9]. It is, however, understood that in both these device

structures the free surface region is the dominant source of l/~

noise. This explains why the vertical bipolar devices, which are

capable of maintaining an extremely small base free surface area,

exhibit superior low-frequency noise performance over their lat-

eral unipolar counterparts, which require relatively large gate–

source and gate– drain free surface areas to sustain sufficient

breakdown voltages. There are, however, interesting issues, such

as the study of the relative frequency of the traps in different

materials and also differences in materials with and without

native oxides, such as Si and GRAs, respectively which can be

beneficiif in achieving GRAS MESFET’S with considerably im-

proved noise performance [10], [11]. This is, however, out of the

scope of the present work.

Recalling (l), for a device with specific low-frequency noise

characteristics, oscillator phase noise can be minimized by incor-

porating a high-Q element, such as a dielectric resonator (DR) or

a YIG in the circuit impedance to make dZ, (GJ)/du as large as
possible and by providing a perpendicular (0= 90°) impedance

locus Zc (co) to the device line Zd (A) to minimize the operating

point fluctuation due to the device line vibration [4]. A YIG-tuned

Si bipolar transistor operating at 18 GHz has a phase noise of

– 100 dBc/Hz at 20 kHz off-carrier [3].

In the rest of this paper a self-aligned AIGaAs/GaAs HBT is

utilized as a low-noise active device in the development of the

first Ku-band oscillator employing an HBT with an optimum

circuit design for minimum phase noise operation.

III. DEVICE PERFORMANCE

A full self-alignment technology was applied to fabricate the

HBT [12] used in the oscillator circuit. Typicaf current gain

h,, and transconductance g., for the fabricated HBT with a

1.5 pm X 10 pm emitter size were 30 and 30 mS, respectively.

Measured small-signal S parameters for the device over the

0.1- 20.1 GHz frequency range resulted in an extrapolated

short-circuit current gain cutoff frequency ~r of 50 GHz and a

maximum oscillation frequency /&X of 27 GHz, which is rela-

tively low since no ion-implantation technique was applied to the

extrinsic base –collector capacitance reduction.

To investigate the fabricated device’s low-frequency noise char-

acteristics, collector current noise power spectra for a 1.5-p.m-

emitter HBT were measured using an HP 3585A baseband spec-

trum analyzer and applied to calculate the base current noise

power spectra. Results, for a collector current lC = 1 mA, are

represented in Fig. 1 The fabricated device has base current noise

power densities of 4x O- 20 A2/~, (j x 10–21 A2/Hz, and 2.5X

10-” A’/Hz, respectively, at 1 kHz, 10 kHz, and 100 kHz.

A direct comparison between the low-frequency input noise

level of HBT’s and MESFET’S is not made here, since the noise

characteristics are usually modeled by an “input noise current

source” for bipolars, and by an “input noise voltage source”

for MESFET’S. However, a comparison between the HBT and

MESFET oscillators will be presented in Section V.

IV. OSCILLATOR CIRCUIT DESIGN

An equivalent circuit for the Ku-band oscillator using the

self-aligned 1.5 pm X 10 pm emitter HBT is shown in Fig. 2. A

series feedback configuration is utilized. In this figure, induc-

tances LE and LB are responsible for the rerdization of a

3.

—

Li

.

.

n——

t “Ye‘c””’\

FREQUENCY (Hz)

Fig. 1. Baseband noise characteristics for the developed self-ahgned HBT.
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Fig. 2. An equivalent cmcuit for Kwband HBT oscillator

sufficiently large negative resistance at the collector terminaf to

provide a stable oscillation at Ku-band frequencies. The match-

ing network, on the other hand, consists of transmission lines ZI,

22, and Z3. A Super-Compact CAD program was employed to

optimize the oscillator circuit parameters applying the measured

S parameters for the device [13]. Simulation results indicated the

circuit potentiaf for oscillation at arty single frequency in a 14–17

GHz range for the LB= 1.0 nH and LE = 1.3 nH optimum

values. To satisfy the oscillation condition at a center frequency

of 15.5 GHz and to provide a perpendicular impedance locus ZI

to the device line Z,n at the operating point, for minimizing

device–circuit interaction effects on the oscillator phase noise, as

explained earlier, ZI, Zz, and Z3 were optimized accordingly.

The loaded quality factor Q~ for the circuit impedance compris-

ing transmission lines ZI, Z2, and Z3, and a 50 Q load is

estimated to be as low as 10.

V. CIRCUIT FABRICATION AND OSCILLATOR PERFORMANCE

Based on the simulation results, an oscillator circuit was con-

structed using the rnicrostrip circuit on a 0.26 mm alumina

substrate with a dielectric constant e, = 9.7. The feedback ele-

ments as well as the matching network were realized using 500

transmission lines. Oscillator performance versus collector volt-

age is shown in Fig. 3. Oscillations started at a collector voltage

~C as low as 2.0 V and an output power as high as 6 dBm was

achieved in a 50 Q load at 15.5 GHz with an efficiency of 13

percent.

To investigate the oscillator phase noise performance, the

single sideband frequency modulation (SSB FM) noise, normal-

ized to 1 Hz bandwidth, was measured. Results for off-carrier

frequencies up to 200 kHz are shown in Fig. 4. The figure
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oscillators are also shown

indicates SSB FM noise levels of –96 dBc/Hz, –65 dBc/Hz,

and – 34 dBc/Hz, respectively, at 100 kHz, 10 kHz, and 1 kHz

off-carrier. These results for the free-running HBT oscillator are

comparable to those of a 16.2 GHz silicon VCO [2], giving – 63

dBc/Hz at 10 kHz off-carrier, which might have been degraded

by a few dB due to application of a varactor diode, and are about

24 dB lower than the phase noise of a 14 GHz GaAs FET

oscillator [1], giving – 41 dBc/Hz at 10 kHz off-carrier, as shown

in the same figure.

The oscillator performance represented in Fig. 3 corresponds

to the minimum phase noise operation, as explained. No signifi-

cant deterioration of the phase noise was observed when

impedance Z2 was readjusted for maximum output power opera-

tion: 6.5 dBm power and – 60 dBc/Hz phase noise at 10 kl%z

off-carrier. Fig. 5 summarizes the phase noise behavior of re-

ported GaAs MESFET and AIGaAs/GaAs HBT oscillators at

100 kHz off-carrier, over the 4-16 GHz frequency range [14] -[18].

These oscillators, which apply a microstrip line structure, have a

loaded Q, Q~, of about 10 to 20. The last two [17], [18], which

apply a varactor diode, may have a somewhat smaller Q~.

Extrapolating the results, the phase noise of HBT oscillators is

about 20 to 30 dB lower than those of MESFET oscillators. This

implies that, assuming the oscillator phase noise is an up-con-

versation of the device’s low-frequency noise into the carrier

L–_____J___~
o 10 20 30

Frequency (Gtiz)

Fig. 5, Phase noise characteristics for Ga4s MESFET and AIGaAs/GaAs

HBT oscillators over 4 to 16 GHz frequency range, at 100 kHz off-carrier,

frequency, the HBT’s are expected to have about 20 to 30 dB

lower l/~ noise than the MESFET’S.

VI. CONCLUSIONS

Feasibility of the AIGaAs\GaAs HBT’s for low-noise mi-

crowave and millimeter-wave circuit applications was described.

The importance of employing full self-alignment techniques to

reduce the device surface recombination area and parasitic lresis-

tances for achieving, respectively, lc}w-noise oscillators and am-

plifiers was emphasized. A prototype 15.5 GHz free-rurtning

oscillator implemented using a fully self-aligned HBT, with a

1.5 pm X 10 ~m emitter size and a base-emitter electrode separa-

tion less than 0.2 pm, has successfully exhibited a phase noise

power density of – 65 dBc/Hz at 10 kHz off-carrier. Phase noise

levels below – 100 dBc/Hz (at 10 H3z off-carrier) are expected

for the fabricated 15.5 GHz OSCiktOI’ by employing a high-Q

dielectric resonator coupling. Our experimental results give an

indication of low-phase-noise microwave and millimeter-wave

oscillator performance available with HBT’s.
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Integral Numerical Tecluique for the Study of

Axially Symmetric Resonant Devices

J. RUIZ, M. J. NUI%Z, A. NAVARRO, AND

E. MARTiN, MEMBER, IEEE

,4bstracf — A nnmerical tecbniqne is proposed which is based on the

conpling of Klrcbhoff’s integral formulation and the moment method and is

suitable for application to the study of a wide class of axially symmetric

resonant devices. Numerical resnlts are presented and compared with

corresponding theoretical data for two systems which allow an analytical

treatment. In this way the vafidlty of method has been confirmed.

I. INTRODUCTION

This paper presents a numerical technique which is based on

Kirchhoff’s integral formulation for the electromagnetic field and

which is valid for the study of a wide class of axially symmetric

resonant devices.

Among the numerous methods that exist for finding approxi-

mate solutions to the field problem in various devices [1], there

are some that offer greater accuracy when determining resonant

frequencies and other characteristic parameters, au accuracy

which today is a technological necessity (e.g. satellite communica-

tions). Among these sophisticated methods we can mention those

based on a dielectric waveguide model [2]–[4], a mixture of the

magnetic wall and dielectric waveguide models [5], finite elements

[6], a variational method [7]-[9], and, lastly, Green’s function

techniques [10], which are very powerful given that they can be

applied to very different situations.

With regard to the Green’s function methods, those which

incorporate the free-space Green’s function and which are based

on a surface integral approach stand out for their simplicity.

Usually these methods consider bound systems and use equiva-
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Fig. 1. Geometry and cylindrical coordinates for a body of revolution and

the orthogonal right-handed triad of unit vectors n, 8, 1 defined within the

boundary. Discretization of generating arc for body of revolution.

lent currents as a starting point (Glisson and Kajfez [10]). The

method presented in this paper is based on Kirchhoff’s integral

formulation with the free-space Green’s function (field compo-

nents are the basic entities involved) and allows the approximate

study of unbound systems.

II. NUMERfCAL METHOD

Fig. 1 shows the kind of systems which we are interested in.

They are composed of different lossless homogeneous regions

with axial symmetry along the Z axis. This symmetty allows

special modes to be defined, which correspond to diverse (and

usually complex) resonance frequencies of the structure and

whose components (in cylindrical coordinates (r, f3, z) associated

to the system) would be as follows:

~(r, z). [acos(p6) +bsin(pO)], J )=0,1,2, . . . (1)

For each mode we use Kirchhoff’s integral equation in every

dielectric region of the structure and integrate with respect to the

angular variable, 0, (taking points r in the half-plane d = O

(Fig. l)). This results in a line integral equation extending to the

boundary L (6J= O) of the considered region involving only the
f(r, z) part of each field component:

Q(r)
~+(r) =pf(r, f’)p(r)dr (2)

where

e,

h,

+(r) = ;

e=

h,

#[
/t8[

A’/ 1

[ I
e.

ho
rp(l’) = e,

h[

(3)
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