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A Low-Noise K- Kiz Band Oscillator Using

AIGaAs/GaAs Heterojunction

Bipolar Transktors

Mohammad Madihian and Hideki Takahashi

Abstract —The design considerations, fabrication process, and perfor-
mance of the first K – Ku band oscillator implemented rising a self-
aligned AIGaAs/GaAs heterojunction bipolar transistor (HBT) are de-
scribed. A large-signal time-domain based design approach has been
used which applies a SPICE-F simulator to optimization of the oscillator

circuit parameters for maximum output power. The oscillator employs a
2 x 10 pmz emitter AIGaAs/GaAs HBT fabricated using a pattern

inversion technology. The HBT has a base current 1/$ noise power
density lower than 1 X 10’20 A2\Hz at 1 kHz, and lower than 1 X 10’22
A2/Hz at 100 Idlz, for a collector current of 1 mA. The oscillator, which

is composed of only low-Q microstrip transmission lines, has a phase

noise of -80 dBc/Hz at 100 kHz off carrier when operated at 26.6 GHz.
These results indicate tbe applicability of the HBT’s to low-phase-noise
monolithic oscillators at microwave and millimeter-wave frequencies,
where both Si bipolar transistors and GaAs FET’s are absent.

I. INTRODUCTION

Stable local sources are required for microwave and millime-
ter-wave communication and measurement systems. Oscillators
implemented with GaAs FET’s can meet the frequency require-
ments, but they suffer from a high level of phase noise, which
results from the baseband noisy characteristics of the device [1].
tlscillators fabricated with Si bipolar transistors, on the con-
trary, show excellent noise behavior, but they are available only
up to about 20 GHz [2], and, moreover, monolithic integration
of the entire circuit is impossible owing to the application of a
conductive substrate.

III-V-based heterojunction bipolar transistors [3]–[6], on the
other hand, are excellent candidates for low-phase-noise mi-

crowave and millimeter-wave monolithic oscillator applications,

since they exhibit a low 1/f noise and respectable high-

frequency performance. We have already reported on the 4
GHz and 15 GHz band hybrid IC (HIC) AIGaAs/GaAs HBT

oscillators [7], [8]; these show a phase noise level of – 65
dBc/Hz at 10 kHz off carrier, which is about 20 dB lower than

that for a GaAs FET oscillator operating in the same frequency
band and with the same circuit topology. The present paper
reports on the results of a K – Ku band oscillator implemented
using an AIGaAs/GaAs HBT.
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H. OSCILLATOR CIRCUIT DESIGN

A time-domain-based design tool has been applied for deter-
mining the circuit parameters of the AIGaAs/GaAs HBT oscil-

lator, The approach uses the SPICE-F simulator with the device
parameters modeled applying both measured dc characteristics

and small-signal S parameters of a previously fabricated dis-

crete HBT. Details of the algorithm utilized for determination

of the HBT equivalent circuit parameters are described else-
where [5].

The time-domain design approach is capable of predicting
outpout power, efficiency, oscillation frequency, oscillation
buildup characteristics, and bias voltage dependences—informs-
tion that is indispensable for voltage-controlled oscillator (VCO)

design in a phase locked loop (PLL) system—all in a single step.
The approach is a large-signal design method, since the analysis
is performed in the time domain taking into account the nonlin-

earity of the device elements and electrical characteristics. The

time- and voltage-dependent nonlinear collector and base cur-
rents used in the simulation, which were proposed by Gummel

and Peon [9], are given by

l,(t, u)=(l~L$/Q~)[exp (qu~~/nFkT)–l]

-(z~.~/Q~)[exp( qLBc/n~kT)-1]

-(lc$/B,i)[exp( q~~c/nRkT)-l]

– .f~c[exp(qu~c/n,< kT) -1] (1)

and

~~(t, ~’)= (l~$/Q~)[exp(qc’~~/ nFkT)-l]

– J~~[exp(q~’~b/nlJckT) – 1]

+( Ic,$/B,<)[exp (q~’~c/n,<kT)–l]

– .J~c[exp(q~~c/n~ckT) – 1] (2)

where QB is the base charge, Iky and Ic.v are the base–emitter

and base–collector junction leak currents, n~ and n,{ are tbe
base–emitter and base–collector junction ideality factors, n~~

and n,,c are the base-emitter and base–collector junction leak-
age idcality factors, and LIBfi = VBb + l>b,, sin @t and L’B~ = VBC +

Ub,, sin (o t + 1$) are the instantaneous base–emitter and
base–collector voltages, respectively. The time- and voltage-

dcpcndcnt nonlinear base-emitter and base-collector capaci-
tances, C~fi and C~c., on the other hand, arc mocleled in the
simulation by the sum of the diffusion and depletion layer
capacitances and arc given by

C,j,, (t, P) = 7,,(91,, /n,.kT)cxp(9r[,fi /nfikT)

+ C,,,; (,( 1-- 1’,;/, / v/, ) - ‘[’ (3)

and

Cjl(.(t, u) = 7,{(91,, /?2,{kT)cxP(f/t’/j[/~/t~~)

+ CJ(()(I – [’O( / K) - ‘“ (4)

where 7P and T,{ arc the forward and rcvcrsc transit times, C,ll;()

and C,,c.() arc the zero-biased base–emitter and base-collector
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Fig. 1. A schematic diagram for a series feedback HBT oscillator.

TABLE I

SPICE-F PARAMETERS FOR AIGaAs\GaAs HBT

Emitter Size 2.um XIOwm

RB 30 Q
RE 9Q

RC 10 Cl

I-F 2.5 pS

CJEO 37.5 fF

CJCO 30 fF

junction depletion layer capacitances, k’~ and Vc are the
base–emitter and base–collector built-in potentials, and Me and
Jvfc are junction doping profile dependent numbers, ranging
from 0.3 to 0.5.

A schematic diagram for the HBT oscillator is shown in Fig.
1. The oscillator uses a series feedback topology to facilitate
integrability over a shunt feedback configuration, because the
latter requires crossover of dc and RF circuits. In the figure, Z~

and ZB are impedances responsible for providing a negative
resistance at the HBTs collector terminal over a specific fre-

quency band. Nc, on the other hand, is a matching network for
satisfying the oscillation condition under maximum output

power. Applying the SPICE-F model parameters for a 2 x 10
pmz AIGaAs/GaAs HBT, shown in Table I, Z~, ZL, and Nc
were optimized for maximum output power at an oscillation

frequency of 20 GHz. Here, Z~ and Z~ have been simulated by
inductance LB and capacitance C~, respectively. Nc, on the

other hand, has been expressed by a T network consisting of
iriductances L, and L2 and capacitance Cl. LB = 1.4 nH, C& =
40 fF, LI = 1.5 nH, L2 = 0.9 nH, and Cl =80 fF are the opti-
mum embedding circuit parameters estimated by the SPICE-F
for a 20 GHz AIGaAs/GaAs HBT oscillator operating under

maximum output power.
For a constant collector–emitter voltage, Vck = 3.7 V, the

oscillation buildup time is expected to increase with an increase

in base–emitter voltage, P’~~, owing to an increase in
base–emitter diffusion capacitance and, thus, in the positive
feedback loop’s charging time. This sets an upper limit on the

applicable range of the base–emitter voltage, which is usually
used as a control voltage of a VCO in a PLL system. On the
other hand, for a constant base–emitter voltage, the output
power first increases with collector–emitter vn]tagc, but after
reaching a peak it decreases as a consequence of the clipping

characteristics of the device.
The flexibility of the oscillator circuit for operation at differ-

ent frequency bands, by readjusting only Zk, was investigated by
changing Ck alone and simulating the oscillation frequency as
well as the output power. Simulation results indicate that the

circuit has the potential to oscillate at any single frequency in
the 20–28 GHz band when Cp, is changed in the 40–20 fF range,

—
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Fig. 2. Baseband noise characteristics for the 2X 10 pm2 HBT.

III. FABRICATION PROCESS AND DEVICE PERFORMANCE

AIGaAs/GaAs epitaxial layer was used for the fabrication of
the HBT employed in the oscillator chip. The structure consists
mainly of a 0.15 pm n = 3 X 1017/cm3 Al,) 25Ga,)75As emitter, a

0.1 Vm p = 3X 1019/cm3 GaAs base, and a 0.5 ~m n = 5 x

1016/cm3 GaAs collector. The HBT was fabricated in a self-

alignment manner as explained here. After forming an Si02

dummy emitter, a closely spaced electrode process technology
was employed to form the base contacts. Then, a pattern inver-
sion method [10], [11] was used to expose the emitter layer for

forming the emitter contact. Finally, after deposition of a CVD
Si02 film on the wafer, this film, the base contact metal, and
the base layer beneath it were selectively dry-etched, down to
the collector layer, to form the collector contacts.

In this structure, a base surface recombination area, which is
responsible for the 1/~ noise generation and is defined by the
undercut of the emitter mesa, is kept as small as 0.25x 10 pmz
in the case of a 2 x 10 Km2 HBT. A proton ion-implantation

technique was used for the device isolation and extrinsic
base–collector capacitance reduction. AuMn and AuGe–Ni were
used for the p-type and n-type ohmic contacts, respectively. The

MMIC’S bonding pads and transmission lines were Ti-Pt-Au and
Au plated.

Fabricated 2 X 10 pmz HBT’s exhibit a typical common-
emitter current gain h~,, = 30, a transconductance g,,, = 80 mS,

and a collector–emitter breakdown voltage VCl~B = 13 V. Mea-

sured small-signal S parameters for a device over the 0.1 –26.5
GHz frequency range resulted in an extrapolated short circuit
current gain cutoff frequency of ~r = 54 GHz, and maximum
oscillation frequency of j’~,,X =45 GHz.

To investigate the fabricated device’s low-frequency noise

characteristics, collector current noise power spectra for a 2 x 10

Kmz HBT were measured using an HP3585A baseband spec-
trum analyzer and applied to calculate the base current noise

power spectra. To facilitate observation of the l/~ noise com-
ponent, a 1 kfl feedback resistor was inserted between the
emitter terminal and ground for reducing thermal noise power
duc to the base resistance at the collector terminal. Moreover, a
10 [1 load resistor was used at the collector terminal for
amplifying the input noise to bc observable by the measuring
instrument. Results for a collector current 1, = 1 mA arc rcpre-
scntcd in Fig. 2. The fabricated dcvicc has base current noise
power densities of 1.OX 10-2’” A2\Hz, 1.OX 10-22 A2/Hz, and

5 X 1()-23 A*/ Hz, rcspcctivcly, at 1 kHz, 100 kHz, and 200 kHz.

IV, OS(TLLATOR PLRFORMAN(.L

A chip photograph for the oscillator is shown in Fig. 3, The

chip size is 1 mm x 0.45 mm x 0.15 mm. Recalling the figure, L,l
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Fig. 3. Chip photograph for the 20-28 GHz AlGaAs GaAs HBT
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Fig. 4. Experimental and simulated power–frequency characteristics
for the 20–28 GHz oscillator.

and CE are, respectively, realized using short-circuited mi-
crostrip transmission lines TB (ZO = 70 Cl, lB = 0.04A) and
T~(ZO = 70 0, 1~ = 0.3A). On the other hand, -Ll and L2 are
formed using microstrip transmission lines TI (ZO = 700, 11=
0.093A) and T? (ZO = 700, 12= 0.037A), respectively, and Cl is

realized utilizing open-circuited microstrip transmission line T3

(ZO = 700, 13= 0.048A). In the above expressions, ZO, A, and 1

are, respectively, the characteristic impedance, the wavelength,

and the electrical length of each line at 20 GHz.

Oscillator performance versus variation in both collector–

emitter voltage, I&, and base–emitter voltage, VBE, were inves-

tigated. Oscillation started at a collector-emitter voltage around
2.6 V and output power, P, was able to reach 9 dBm at
oscillation frequency ~ = 20.9 GHz with a de–RF efficiency of
19% for Vc~ = 5.2 V and lC = 8 mA. On the other hand, the
oscillator’s pushing figure was 900 MHz/V. Considering the
theoretical results concerning the flexibility of the oscillator for
operation at higher frequency bands, the effective length of

transmission line TE and, thus, the distributed capacitance C~
were changed by positioning the ground bond wires at different
points along TE. The oscillator could be operated at a frequency

as high as 28 GHz for lE = 0.35 mm, corresponding to CE = 20
fF. The oscillator’s power–frequency characteristics are shown
in Fig. 4.

A free-running spectrum of the oscillator at a center fre-

quency of 26.6 GHz for a span of 2 MHz and a resolution
bandwidth of 10 kHz is shown in Fig. 5. Resultant phase noise is
about – 80 dBc/Hz at 100 kHz off carrier, Fig. 6 summarizes
the phase noise behavior of previously reported GaAs MESFET
and AfGaAs/GaAs HBT oscillators, including the present one,

Fig. 5. A free-running spectrum of the oscillator at a center frequency
of 26.6 GHz for a span of 2 MHz and a resolution bandwidth of 10 kHz.
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Fig. 6. Phase noise characteristics for GaAs MESFET and

AIGaAs/GaAs HBT oscillators over a frequency range of 4 to 28 GHz

at 100 kHz off carrier.

at 100 kHz off carrier, over a frequency range of 4 to 28 GHz

[1], [8], [12]-[17]. The oscillators which apply a microstrip line

structure have a low loaded Q of about 10 to 20. Extrapolating

the results, the phase noise of the HBT oscillators is expected to

be about 20 to 30 dB lower than that of the MESFET oscilla-

tors. ,Presuming that the oscillator phase noise is an up-conver-

sion of the device’s low-frequency noise into the carrier fre-
quency, the HBT’s are expected to have a 1/f noise about 20 to
30 dB lower than that of the MESFET’S.

V. CONCLUSIONS

The design considerations, fabrication process, and perfor-
mance of a K–Ku band oscillator implemented using a self-
aligned AIGaAs/GaAs heterojunction bipolar transistor (HBT)
have been described. A large-signal time-domain based design
approach was applied to optimize the oscillator circuit parame-
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ters for maximum output power. The oscillator uses a 2X 10

pm2 emitter AIGaAs/GaAs HBT fabricated by means of a

pattern inversion technology. The HBT has a base current 1\~

noise power density lower than 1 X 10– 20 A2/Hz at 1 kHz, and

lower than 1 X 10-22 A2\Hz at 100 kHz, for a collector current

of 1 mA. The monolithic oscillator which operates over 20–28

GHz band has a phase noise of – 80 dBc/Hz at 100 kHz off
carrier when operated at 26.6 GHz. These results indicate the
applicability of the HBT’s to low-phase-noise monolithic oscilla-
tors at microwave and millimeter wave frequencies, where both

Si bipolar transistors and GaAs FET’s are absent.
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Noise Power Sensitivities and Noise Figure

Minimization of Two-Ports with

Any internal Topology

Janusz A. Dobrowolski

Abstract —A theoretical foundation is presented for the efficient

CAD-oriented computation of first-order noise power sensitivities of

networks with respect to network parameters. Application to the CAD of
low-noise circuits with minimum noise figure using eff]cient gradient
optimization methods is envisaged. The approach is applicable to cir-

cuits with any internal topology composed of any number of passive
linear multiports and active linear two-ports. It is based on the scatter-
ing matrix description for circuit elements and wave representation for
noise.

I. INTRODUCTION

A recent paper by the author [1] presented a CAD-oriented

noise analysis method for linear two-ports with absolutely gen-

eral internal topology. The method allows noise figure computa-
tion of circuits which are composed of any number of passive
linear multiports and active linear two-port devices.

The purpose of this paper is to present a computer-aided
method for noise power sensitivity analysis of circuits of any
topology. The noise power sensitivities are applicable to noise

figure minimization of two-ports with any internal topology
using gradient optimization methods. A scattering matrix and a
wave representation are used for circuit and noise descriptions
[2]-[4]. The approach may be used for noise performance opti-
mization of such circuits as distributed amplifiers and amplifiers

with any topology of feedback.

II. NolsE ANALYSIS

For a k th noisy element of a general circuit we can write the
equation [1], [2]

~(k) = @A)~(L) + ~fi) (1)

where S(h) is the scattering matrix of the element, A(L) and B(L)
are the vectors of ingoing and outgoing noise waves at its ports,
and B~A) is the vector of mutually correlated noise wave sources
which represent noise generated in the element.

For a circuit composed of rn elements (multiports) connected
together by their ports (Fig. 1), we can write the following set of

equations [1]:

WA= BN

where

1.
~(l)

A(z)
A= .

A(/11)
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