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~ Abstract—We describe an experimental investigation of two mil- ~ tronic devices such as MESFETSs, high electron-mobility tran-
limeter-wave oscillators one employing a single and the other using sistors (HEMTS), and heterojunction bipolar transistors (HBTs)
two InGaAs/InP heterojunction bipolar photo-transistors (photo- - 4 these kind of compact sources. Optoelectronic devices allow

HBTSs). The single HBT oscillator can be optically injection locked ¢ bine the functi fmi illati hotodet
to improve its spectral purity. Alternatively, it can be modulated by 0 combine the functions of microwave oscillation, photoaetec-

analog or digital data carried by an optical signal. In the two photo-  tion, and frequency up-conversion and also offer intrinsic gain
transistors case, one HBT oscillates and is optically injection locked and high responsivities. The photo-HBT has the highest optical

while the second serves as a modulator. The two-transistor casecoupling efficiency [8] and lowest low frequency noise among

proved to be superior in terms of carrier spectral purity, analog  he three transistors [9], making it attractive for various types of
modulation efficiency and linearity as well as for digital modula- fiber-optic/microwave links

tion. Its advantages stem from the better isolation between the local g ) ) o
oscillator and modulating signals and from the ability to separate [N this paper, we present an experimental investigation of
the injection-locking and modulation functions. milimeter-wave sources based on self-oscillating InGaAs/InP
Index Terms—Heterojunction bipolar transistor, injection- Photo-HBTs. Two configurations have been studied, one em-
locked oscillator, modulation, optoelectronic mixing, self-oscil- ploys a single photo-HBT and the other uses two. Both config-
lator. urations unify the functions of photodetection, oscillation, and
frequency up-conversion. The devices we employed have been
I. INTRODUCTION described in detail before [6], [10]. The opt_ic_al Window at their
) o base has an area of 3n?, the quantum efficiency (defined in
T HE future use of broad-band wireless communication sgfi)) is ~30% and typically,f+ = 70 GHz.

I vices will require massive integration between the network The following three aspects of the self-oscillators were inves-
dlstrlbu_tmg microwave and .m|II|meter—wave radio signals angyated. 1) Optical injection locking to improve the spectral pu-
the optical fiber network which will carry broad-band data angy of the oscillator. A phase noise lower thar£00 dBc/Hz at
control signals. Several possible approaches to obtain analog ai-kHz offset from the carrier was demonstrated in a 10-GHz
digitally modulated high frequency signals at a remote base sagillator. 2) Analog and digital modulation obtained by cou-
tion (BS) have been investigated [1]-[3]. One of those relies _‘Pﬂng an information carrying signal to the optical port thereby
the generation of a microwave or millimeter-wave local 0sCilmprinting the data via the optoelectronic mixing process. Effi-
lator signal at the BS. Data originating from a distant centrg|ent analog modulation was demonstrated for 10- and 30-GHz
station are distributed over an optical fiber to the BS where d5cillators and the modulation linearity was examined. Wide
modulates the carrier prior to transmission by the antenna. Dgfghd digital modulation with error free capabilities was also
received at the BS antenna are down converted using the avgémonstrated. 3) The use of two photo-HBTS, where one tran-
able local oscillator signal and the recovered data modulatesstor self-oscillates, is optically injection locked and feeds the
optical signal which transmits the data down stream from thse of a second HBT (via a stub-tuner) which in turn serves as
base station. The incorporation of such a local oscillator at thg optoelectronic mixer/modulator. Analog and digital modula-
BS implies the availability of a compact, efficient and reliablgon were demonstrated and the characteristics were found to be

source which can be modulated. superior to the corresponding ones in the single HBT case.
An attractive possibility, which has been recently demon-

strated in several experiments [4]-[7] is the use of optoelec- Il PHOTO-HBT SELF-OSCILLATOR
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Fig. 1. Experimental setup for the self-oscillating photo-HBT optoelectronic mixer. (a) Single HBT configuration. (b) Dual HBT configuratiagmsefhe
describes a nonmodulated 30-GHz carrier.

filter centered at 10 or 30 GHz, an attenuator and a microwatree 10-GHz oscillator, the free-running phase noise measured
tuner to form the oscillator. The output signal is extracted viaa a 10-kHz offset was-81 dBc/Hz. For the 30-GHz oscil-
broad-band directional coupler at the collector. A modulated olator, the loop losses were larger resulting in an increased phase
tical carrier is coupled to the optical window at the base regiawise of —68 dBc/Hz. These phase noise values, while rather
of the photo-HBT and the modulation is imprinted on the carridow, may cause detection difficulties for phase sensitive modu-
For injection locking, the optical input signal is modulated usinigition schemes. With optical injection locking under optimum
a highly pure microwave source operating at the self-oscillatimgnditions, the phase noise of the 10-GHz oscillator was re-
frequency. The insert of Fig. 1(a) shows an oscillating spectruwtaced to below-100 dBc/Hz and, in the corresponding 30-GHz
at 30 GHz with the optical signal being turned off. The operatingpse, it was-80 dBc/Hz. The minimum obtainable phase noise
conditions of the transistorwel& g = 0.7VandVe-g = 1.5V. depends on the locking range and the measurement offset fre-
) ) _ ) quency [11], [12]. The near-carrier noise is approximately that
B. Experimental Setup—Dual Transistor Configuration of the injected signal over most of the locking range, but ap-
The two HBT configuration is illustrated in Fig. 1(b). The firstoroaches that of the free-running oscillator at the band edges. In
photo-HBT self-oscillates at 30 GHz with the base dc bias sdie present case, the range~i¢00 kHz (at—10-dBm optical
ting an optimum operating point. An attenuator and a microwapewer) and we measured at 10-kHz offset so we actually ob-
tuner are used to adjust the RF signal level fed to the base of tamed the phase noise of the injected sigral-(00 dBc/Hz).
second (modulating) transistor. The dc bias is adjusted so as ttn Fig. 2(a) we display the phase noise dependence on the
keep the second (modulator) transistor in the active mode. detuning between the free-running 10-GHz oscillator and the
The optical port of the oscillating transistor is used for ininjection-locking input frequency. The injection level was mea-
jection locking and the second photo-HBT receives the opticglired using the HBT as a photodetector (namely, with zero bias
modulating signal. The two optical carriers can be transmittgglthe base) and was found to be rather low (less thEhdBm,
from a distant base station on separate wavelengths and derasleompared to a few milliwatts of the free-running oscillator).
tiplexed by standard WDM techniques. The low injection level results in a narrow locking range how-
ever, operation with a low optical power is important for prac-
tical applications since it enables multicasting an optical locking
The phase noise of the free-running oscillator is determinsijnal between many base stations. In Fig. 3 below we demon-
by the @ value of the microwave filter and the loop losses. Fatrate an increased locking range using higher optical powers.

C. Injection Locking
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The significant effect of the injection-locking process is clearly Frequency (GHz)

seen in the figure with the phase noise reaching a minimung. 4. Measured spectrum of a 30-GHz carrier modulated at 300 MHz.
below—100 dBc/Hz. Fig. 2(b) shows the phase noise as a func-
tion of the average optical power under optimum detuning aRgeband is shown for the two configurationsin Fig. 5as afunction
modulation depth conditions. We note that at injected powegsthe modulatinginput power. The modulatinginput poweristhat
above—13 dBm the phase noise saturates at the low level gf the 300-MHz component measured by the HBT operating as
~ —100 dBc/Hz. a photo detector with zero base—emitter voltage. The use of the
Fig. 3 validates the square root dependence of the lockiggtected modulation signal as the input parameter ensures that
range on the injection power (given by the Adler equation, [13fe self-oscillator characterizationisindependentofthe particular
[16]). Fig. 3 also demonstrates that by increasing the optigghnsmitter used in the central station.
power, the narrow range over which the phase noise is low [seg=or hoth configurations, the average optical input power was
Fig. 2(a)] can be increased as dictated by specific applicationsz dBm and the power of the 30-GHz carrier was0 dBm. In
Fromthe experimental data we obtained a cold cavity bandwidf single self-oscillator configuration the power was measured
of ~1 MHz, implying that ther} factor of the suggested oscil-ysing a coupler placed at the base electrode and monitoring the
lator is on the order of 10 000. We note that the bandwidth gkact carrier power that was fed to the base. For the two-HBT

the bandpass filter was 10 MHz. configuration, we measured the 30-GHz carrier power coupled
to the modulating HBT directly. We note that the modulation
11l. M ODULATION efficiency of the two-transistor configuration is approximately
) 3 dB higher than that of the single HBT.
A. Analog Modulation In a single self-oscillating photo-HBT, the RF current gen-

Fig.4showsameasured spectrumofthe single HBT oscillatiegated in response to the modulated optical signal is not iso-
at 30 GHz, without injection locking. The two sidebands due tated well from the local oscillator current (at the oscillating fre-
a 300-MHz optical modulation and the harmonics at 600 MHzuency). This coupling occurring mainly at the base degrades
are also seeninthisfigure. A similar spectrum was obtained wittie modulation efficiency. It was eliminated in the two-HBT
the two-transistor configuration. The detected power at the uppenfiguration by adding the broad-band stub-tuner between the
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Fig. 5. Detected power of the upper sideband as a function of the modulating
input power for the two configurations (the average optical input power
was —3 dBm and the 30-GHz carrier power wasl0 dBm for the two
configurations, that means a modulation depth of 20%).

oscillator output (at the collector) and the input port of the mod-
ulating HBT (at the base). The stub-tuner did not simply im-
prove the impedance match between the two transistors as the
measured local oscillator power did not change. Rather, proper
adjustment of the tuner increased the isolation which in turn im-
proved the modulation efficiency [14].

The modulation linearity of the two cases is described in

Figs. 6 and 7. The dependence on the modulation input pov%’rs%gl
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Modulation sidebands as a function of the modulating input power.

e HBT configuration. (b) Dual HBT configuration (the average optical

of the first and second modulation sidebands (at 30 GHZ jnput power was-3 dBm and the 30-GHz carrier power wad.0 dBm for the
300 MHz and 30 GHz+ 600 MHz) are shown in Fig. 6(a) andtwo configurations, that means a modulation depth of 20%).

(b) for the single and dual HBT configurations, respectively.
The results are summarized in Fig. 7 which compares the hi
monic suppression (the ratio between the first and second mc
ulation sidebands) in the two configurations for different mod
ulating input powers. For this experiment we used (in both coi
figurations) an average optical input power-68 dBm and the 7
30-GHz carrier power was 10 dBm. We note that the linearity -
of the two HBT configuration is better by several decibels.
The nonlinear modulation characteristics have a compone g
due to the nonlinearity of the (nominally linear) HBT gain%
This nonlinearity was recently characterized for a similar HB"E
operating as a mixer using the two-tone technique with tw§
laser sources [15]. In the two-HBT configuration, the moduz
lating transistor operates in the active mode and this particul
nonlinear contribution is significant. In the single HBT case
the gain is heavily saturated due to the oscillation conditior
and the saturation dominates the nonlinearity, which is highe
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B. Digital Modulation .
Fig.
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o ) ) ) Harmonic suppression (the ratio between the first and second
Digital modulation was characterized in both the frequeneyodulation sidebands) as a function of the modulating input power for the two

and time domains. Fig. 8 shows the spectrum of a 10-GHz sin§fgfigurations.

tional shape with no spectral distortions is observed. The ins#re different shot noise levels experienced by the photo-HBT in
show detected eye pattern which is open and relatively noite detection process of the two states. For the two photo-HBT
free. We do note that the noise in the “1” state is larger than tbase we obtained identical qualitative results in both the fre-
corresponding noise in the “0” state. The difference stems fraguency and time domains.
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up-conversion behavior and digital modulation with no errors
was demonstrated exhibiting the ability to operate in the large
signal regime.

The two-transistor configuration was shown to be advanta-
geous because of the good isolation between the carrier gen-
eration and the modulation signal. This results in larger con-
version efficiency for analog modulation and a smoother BER
curve, which means an increase in the power tolerance, for dig-
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Fig. 8. Measured spectrum of a 10-GHz single photo-HBT oscillator digitally
modulated at 500 Mb/s. The insert show detected eye pattern.
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Fig. 9. Biterror rate as a function of input optical power of the two oscillator
configurations operating at 10 GHz with 500-Mb/s modulation.
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A coherent homodyne receiver detected the digitally modu-
lated signal. The base band signal was amplified and fed to the
bit error rate receiver. Bit error rate measurements as a function
of average optical power are shown in Fig. 9 for the two config{10!
urations. The results demonstrate the ability to generate a high
quality digitally modulated signal for error free transmission in
both cases. Comparing the two BER curves shown in Fig. 9 wi1]
first note that the single HBT case is less sensitive-dydB.
Moreover, there is a difference in the curves slope which mean%zl
that the dual HBT case is better immune to fluctuations in the
optical power level. [13]

[14]
IV. CONCLUSION

Two self-oscillators, one based on single InP/InGaAs,
photo-HBT and the second using two such photo transistors,
have been demonstrated. Optical injection locking to reduce
the phase noise and optoelectronic mixing for modulation wergyg
demonstrated. Analog modulation measurements yield a linear

ital modulation. Furthermore, the two photo-HBTs configura-
tion separates the optical injection-locking and modulation pro-
cesses thereby allowing the optimization of both.
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