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Kwang-Seok Seo

Abstract—Phototransistors based on InP high electron-mo-
bility transistors (HEMTSs) are investigated for millimeter-wave
radio-on-fiber system applications. By clarifying the photodetec-
tion mechanism in InP HEMTs, the phototransistor internal gain
is determined. We present their use as millimeter-wave harmonic
optoelectronic mixers and characterize them at the 60-GHz band.
In order to evaluate the InP HEMT optoelectronic mixer perfor-
mance, internal conversion gain is introduced and a maximum of
17 dB is obtained for 60-GHz harmonic optoelectronic up-con-
version. Utilizing them, we construct a 60-GHz radio-on-fiber
system and demonstrate 622-Mb/s data transmission over 30-km
single-mode fiber and 3-m free space at 60-GHz band.

Index Terms—High electron-mobility transistor (HEMT),
optically controlled microwave device, optoelectronic mixer,
photodetector, phototransistor.

I. INTRODUCTION

ILLIMETER-WAVE frequency bands around 60 GHz

have been of much interest in broad-band wireless-ac-
cess network applications because of their wide transmission
bandwidth and spectral characteristics including high atmo-
spheric loss and unlicensed band. However, their use is not
yet widespread due to the difficulties in millimeter-wave gen-
eration, transmission, and processing. With the development
of fiber-optic technologies, radio-on-fiber systems that utilize
optical fibers as low-loss and highly flexible transmission
medium have been investigated as a solution for these problems
[1], [2]. In a millimeter-wave radio-on-fiber system, a large
number of base stations are located within the coverage of a
single central office in order to compensate high transmission
loss. Therefore, it is important to come up with low-cost
base-station architecture for practical implementation of these
radio-on-fiber systems.

There are several approaches to simplify base-station archi-
tecture in millimeter-wave radio-on-fiber system. One attractive
solution is to move the millimeter-wave components away from
numerous base stations to a single central office [2], [3]. Since
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millimeter-wave signals are optically generated at a central of-
fice and transmitted over fiber, base-station architecture can be
made up of only a photodetector, power amplifier, and radiation
antenna. However, the optical generation of a millimeter wave
still remains as a challenging task. In addition, chromatic fiber
dispersion, which induces carrier-to-noise penalty and phase-
noise degradation, is a limiting factor for increasing transmis-
sion distance in this configuration [4]. Another approach is one-
chip integration of photonic and millimeter-wave components
including a frequency mixer and local oscillator (LO) [5], [6]. In
this scheme, called the remote up-conversion system, IF modu-
lated optical signals are transmitted, and remotely up-converted
to millimeter wave at base station [7]. Although it mitigates
the above-mentioned problems and provides compatibility to
wavelength division multiplexing (WDM) networks, complex
base-station architecture is inevitable, thus, the monolithic inte-
gration on a single substrate has been regarded as an ultimate
goal for simple and cost-effective base-station architecture in
these remote up-conversion systems.

Three-terminal phototransistors based on metal-semicon-
ductor field-effect transistors (MESFETs), high electron-
mobility transistors (HEMTs), and heterojunction bipolar
transistors (HBTs) are useful devices for these optoelectronic
integrations [5]-[10]. It is because they can be utilized as not
only phototransistors providing high internal gain, but also
optoelectronic mixers, which simultaneously perform pho-
todetection and frequency up-conversion in a single device.
In addition, these phototransistors are fully compatible to
monolithic-microwave integrated-circuit (MMIC) processes.

Among various kinds of phototransistors, indium-phosphide
(InP) HEMTSs have numerous advantages for these MMIC-com-
patible optoelectronic integration. Since large conduction band
discontinuity at the InAlAs/InGaAs heterojunction interface
produces high two-dimensional electron gas densities in the
InGaAs channel, an InP HEMT exhibits extremely high elec-
tron mobility without suffering impurity scattering, resulting in
high-frequency performance up to the millimeter-wave regime
[11]. In addition, the InGaAs channel with high indium contents
(>53%) performs the photodetection to 1.55-pm lightwave and
then the detected signals are amplified by field-effect transistor
(FET) operation [12], [13]. Since the InP substrate and InAlAs
buffer layer are transparent to 1.55-pm lightwave, additional
efforts for an optical window in the HEMT are not required if
backside illumination through the InP substrate is applied.
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Fig. 1. Schematic cross section of the fabricated InP HEMT having the
Ing.65Gag.35 As pseudomorphic channel.

In this paper, we investigate phototransistors based on
InP HEMTSs and demonstrate their applicability for 60-GHz
radio-on-fiber systems. In Section II, two types of photodetec-
tion mechanisms are identified and the phototransistor internal
gain of the InP HEMT is determined. Section III describes
their use as harmonic optoelectronic mixers, which combine
the functions of photodetection, frequency up-conversion, and
LO frequency multiplication in a single HEMT. Such optoelec-
tronic mixer performance characteristics as internal conversion
gain and usable LO ranges are also investigated. In Section IV,
we present the experimental demonstration of 622-Mb/s data
transmission in a 60-GHz remote up-conversion radio-on-fiber
system utilizing an InP HEMT harmonic optoelectronic mixer
and evaluate its link performance.

II. PHOTODETECTION MECHANISM OF
InP HEMT

The schematic cross section of a fabricated InP HEMT
is illustrated in Fig. 1. The epitaxial layers were grown
on semi-insulating InP substrate by using molecular beam
epitaxy (MBE). They are made up of, from bottom to top,
300-nm Ing 50Alg 48As buffer layer, 10-nm Ing 53Gag.47As
sub-channel, 10-nm Ing ¢5Gag 35As pseudomorphic channel
layers, 4-nm Ing 4Alg eAs spacer layer with Si-delta doping
(5.8 x 10" ecm=2), 12-nm Ing 4AlygAs barrier layer, and
20-nm n+ Ing53Gag 47As capping layers. Strained barrier
(Ing 4Alg.¢As) and strained channel (Ingg5Gag.3z5As) were
adopted to reduce gate leakage current and improve carrier
transport properties. The InP HEMT device used for our in-
vestigation has a gate length of 0.1 pm, source-to-gate spacing
of 0.9 um, and drain-to-gate spacing of 2 um. From the dc
measurements, the maximum transconductance of 720 mS/mm
is obtained. Scattering-parameter measurements show that
current-gain cutoff frequency (fr) and maximum frequency
of oscillation ( fiax) are 148 and 165 GHz, respectively, at the
gate-to-source voltage (Vzg) of —0.5 V and the drain-to-source
voltage (Vpg) of 1.0 V.

Fig. 2 shows the experimental arrangements for the charac-
terization of InP HEMT-based phototransistor. The distributed
feedback (DFB) laser diode whose wavelength is 1552 nm is
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Fig. 2. Experimental setup for the characterization of the InP HEMT as a
phototransistor. Backside illumination is applied through an InP substrate to
improve optical coupling efficiency.
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Fig. 3. Drain currents (Ip) as a function of gate-to-source voltages (Vas)

for the InP HEMT under dark and illuminated conditions at the drain-to-source
voltage (Vps) of 0.5 V. The incident optical powers increases from —6 to
15 dBm with the step of 3 dB.

used as an optical source. After optical amplification by an er-
bium-doped fiber amplifier (EDFA), the lightwave is illumi-
nated from the backside of the InP substrate using a single-mode
lensed fiber, which provides coupling efficiency less than 10%.
Since the InP substrate and Ing 50 Alg 43 As buffer layer are trans-
parent to 1.55-pm lightwave, optical absorption occurs only at
Ing.¢5Gag.35 As and Ing 53Gag 47 As channel layers. All mea-
surements are performed in the common-source configuration
by utilizing on-wafer ground—signal-ground (GSG) probes.
We first investigate the photodetection mechanism in InP
HEMT and characterize its internal gain provided by photo-
transistor operation. Fig. 3 shows the drain currents (Ip) as a
function of Vg under dark and illuminated conditions at the
Vps of 0.5 V. The solid line indicates Ip under illumination
and the dashed line in the dark. Incident optical power to InP
HEMT increases from —6 to 15 dBm with the step of 3 dB,
which were measured at the end of lensed fiber. When Vg
is higher than the threshold voltage, the InP HEMT exhibits
negative shifts in threshold voltage, as well as increases in Ip
with increasing incident optical power. This is well known to
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be due to photovoltaic effects, which are attributed to pho-
togenerated holes diminishing the potential barrier between
source and channel [12], [13]. Since the photovoltaic effects
effectively modulate the gate voltage, they provide intrinsic
gain by FET operation and make the InP HEMT operates as
a phototransistor. However, even when Vg is lower than the
threshold voltage (turn-off state), it can be observed that Ip
slightly increases as increasing optical power. This is due to
the photoconductive effects in which photogenerated electrons
increase the channel conductivity, which results in increased
Ip. As we reported in [14], these photodetection mechanisms
can be affirmed by measuring the dependence of photocurrents
on input optical powers at each condition. The photocurrent
caused by the photovoltaic effect is a logarithmic function of
input optical power expressed as

Ipy = Gp, - AVTH

—G, . nle 1+ qnPopt
q Idark -hv
:A-ln(l—l—B-Popt) €))

where Ipvy is the photocurrent by the photovoltaic effect, G,
is the intrinsic transconductance, A Vry is the threshold voltage
shift, kT'/q is the thermal voltage, n is the ideality factor, 7 is
the quantum efficiency, I,k is the dark current for hole, hv is
the photon energy, Pyt is the absorbed optical power, and A
and B are the fitting parameters. On the other hand, the pho-
toconductive effect shows the linear dependence, which can be
written as [15]

P
IPC =q <u> . Gpc = Gpc : Iprimary =C- Popt (2)

hv

where Ipc is the photocurrent by the photoconductive effect,
Gy is the photoconductor gain, /primary is the primary pho-
tocurrent, and C' is the fitting parameter.

As shown in Fig. 4, photocurrents for both turn-on (-e-) and
turn-off (-o-) states as a function of incident optical powers are
measured and fitted to (1) and (2), respectively. The points are
measured data and the solid lines are fitted results. The well-
fitted lines confirm the identification that the photovoltaic effect
is dominant at the turn-on state and the photoconductive effect
is dominant at the turn-off state.

Fig. 5 shows the optical modulation responses of the InP
HEMT under turn-on and turn-off states at fixed Vpg of 0.5 V.
Measurements were performed by using a 40-Gb/s external
optical modulator and a network analyzer (HP8720D) after
careful calibration of characterization setup. Under turn-on state
(Vgs = —0.9 V), the InP HEMT shows a large photoresponse
due to the internal gain provided by the photovoltaic effect.
However, the photoresponse has relatively small optical 3-dB
bandwidth of approximately 580 MHz because the photovoltaic
effect is dominated by a long lifetime of photogenerated holes
accumulated beneath the source area. On the other hand, the
optical modulation response at turn-off state (Vgs = —2 V) is
small, but does not fall off as fast because the photoconductive
effect is dominated by photogenerated electrons having a much
short lifetime. In this condition, the InP HEMT operates as
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Fig.4. Photocurrent as a function of incident optical power to the HEMT under
turn-on (Vgs = —0.5 V) and turn-off (Vgs = —2 V) states. The symbols are
measured data and solid lines are fitted results according to (1) and (2).
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Fig.5. Measured optical modulation response of the InP HEMT under Vs of

—0.9 V (turn-on) and —2 V (turn-off) at fixed Vs of 0.5 V. The solid line is the
primary photodetected power extracted from measured data at the turn-off state.
Gint and G represent the phototransistor internal gain and photoconductor
gain, respectively.

a photoconductor having an InGaAs optical absorption layer
[16].

Phototransistor internal gain is defined as the ratio of ampli-
fied photocurrent (Ipy ) to the primary photocurrent (I, imary)
without any internal gain. As described in (2), primary photocur-
rent can be determined by measuring photocurrent (Ipc) at the
turn-off state and calculating the photoconductor gain (Gp.).
The photoconductor gain can be expressed as [14]

Gpom —JPC_ _ T _lp  tn

Iprimary tn tn Up

2
|

(€)

where I, imary 18 the primary photocurrent, which indicates ac-
tually absorbed optical power in the HEMT, 7, is the electron
lifetime, ¢,, is the electron transit time, ¢,, is the hole transit time,
vy, is the electron velocity, and v, is the hole velocity in the
channel. In (3), the electron lifetime can be replaced with the
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Fig. 6. Utilization of InP HEMT-based phototransistor as a harmonic
optoelectronic mixer and its 60-GHz frequency up-conversion spectrum under
application of a 30-GHz LO and 100-MHz optical IF signals.

hole transit time because electrons are not supplied from the
source until holes arrive at the source region [12]. The ratio
of electron and hole transit times can be determined by the
ratio of electron to hole velocities in the strained Ing g5Gag. 35As
channel under an identical electric field [17]. We estimate the
photoconductor current gain of approximately two from [17]
and [18]. From these results, the primary photodetected powers
are determined as shown in Fig. 5. The difference between them
and photodetected powers at the turn-on state indicates the pho-
totransistor internal gain (Gt ). In our experiments, 45-dB pho-
totransistor internal gain is obtained at 100-MHz optical modu-
lation frequency. For its practical applications, including opto-
electronic mixers and optically injection-locked oscillators, the
InP HEMT should be operated at the turn-on state for providing
internal gain. These optical modulation responses directly affect
the photodetection bandwidth of optically transmitted IF with
data. It can be seen that IF up to the gigahertz range have high
internal gain, which should be sufficient for many applications.

III. HARMONIC OPTOELECTRONIC UP-CONVERSION
TO 60-GHz BAND

Incorporating these photodetection characteristics with de-
vice intrinsic nonlinearities, HEMT-based phototransistors can
be utilized as optoelectronic mixers by applying an LO to the
gate port [8], [19]. The LO frequency multiplication function
can be added, which allows less stringent use of high-frequency
LOs, resulting in a harmonic optoelectronic mixer [20]. Fig. 6
shows the schematic diagram for utilizing the InP HEMT as
a harmonic optoelectronic mixer and its up-converted output
spectrum at 60 GHz. It can be seen that there are harmonic op-
toelectronic mixing products at 2fr.o + fir (60.1 GHz) and
2fLo — fir (59.9 GHz) and a second harmonic of the LO at
2 fLo (60 GHz) under application of a 30-GHz LO to the gate
port and 100-MHz optical IF signal. With this harmonic opto-
electronic up-conversion scheme, a lower frequency LO can be
used making the implementation of a base station easier.

Operation principle of an InP HEMT optoelectronic mixer is
identified as follows. As described in Section II, the dominant
photodetection mechanism to contribute to phototransistor in-
ternal gain in the InP HEMT is the photovoltaic effect which
appears in the threshold voltage shift of Ip — Vigs curves. When

low-power optical signals are illuminated to the HEMT, the pho-
tovoltage (V,n), which is linearly proportional to the absorbed
optical power (FP,pt), is given as

Vph ~ alpopt. (4)

When the LO signal is applied to gate port, frequency mixing
between the LO and optical signal occurs by device intrinsic
nonlinearity. Although an HEMT has many nonlinear parame-
ters in its equivalent-circuit model, the predominant one for op-
toelectronic mixing is considered to be nonlinear characteristics
of the Ip — Vgs relationship because the input optical signal can
be regarded as another voltage input signal to the gate port [8],
[20].
The Ip of an HEMT can be written as

Ip = Is+bVgs +baVig 4+ b3Vig + - - - 6))

where by ... ,, are the Taylor series coefficients and /s is the static
drain current. The optical power of the IF modulated lightwave
is described by

P ) [1 +m cos(27rflpt)] 6)

where Py is the average optical power and m is the optical
modulation index. Considering the LO signal applied to the
gate port and optical signal, which is converted to photovoltage
(Von), Vs in (5) can be modified as

Vas = Vas + Vs cos(27 fuot) + Vi cos(27 fiet) — (7)

where Vg is the dc gate bias voltage and Vs and f1,o are
the amplitude and frequency of the LO, respectively. By sub-
stituting (6) and (7) into (5), the optoelectronic mixing products
at fLo + fir and 2 fro + fir can be obtained as

Ip(fro + fir) x aymPy - b2 Vg ()
Ip(2fro + fir) x axmPy - b3Vs. 9

Since by and b3 are strongly dependent on dc gate bias voltage
Vai, the mixing efficiencies of the desired frequency compo-
nents can be controlled by changing the gate bias condition.

In order to obtain maximum performance of InP HEMT har-
monic optoelectronic mixers, dc-bias conditions are optimized
considering conversion efficiency. In the case of a microwave
mixer, the conversion gain, which is the ratio of the input IF
signal power to the output RF power, is used as an important
parameter representing mixer performance. Unfortunately, the
same definition cannot be used in an optoelectronic mixer based
on an HEMT since the actually absorbed optical IF power is
not accurately known. Instead, we define the internal conversion
gain as the power ratio of optoelectronic mixing signal to the pri-
mary photodetected signal without internal gain, which can be
estimated from the measured data at the turn-off state, as men-
tioned previously. Fig. 7 shows the optoelectronic mixing prod-
ucts at fro + fir and 2fLo + fir and their internal conversion
gain as a function of Vgg. For its characterization, a 30-GHz LO
with 0-dBm power was connected to the gate port and the output
signals from the drain port were measured by an RF spectrum
analyzer incorporated with an external A-band (Agilent 11970
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A) and V-band (Agilent 11 974 V) harmonic mixers. An optical
100-MHz IF signal was illuminated. The primary photodetected
fir signal power of —55 dBm was extracted from the photode-
tected power measured at Vg of —2 V. It should be noted that
the mixing products at 2 f1,0+ fir can be selectively enhanced at
Vs of —0.9 V while suppressing undesired mixing components
at fLo + fir. This feature is advantageous for an InP HEMT
harmonic optoelectronic mixer where the 2fr.o + firp product
is utilized. In our experiment, 17-dB internal conversion gain is
obtained for 60-GHz harmonic optoelectronic up-conversion by
setting the optimum Vg of —0.9 V.

For further investigation of the bias condition, we measure the
dependence of mixing products at 2 fy .o + fir and fLo + fir on
Vbs, as shown in Fig. 8. In the linear mode where Vpg is low,
the harmonic optoelectronic mixing products at 2 f;,o + fir are
enhanced. However, in the saturation mode, it begins to decrease
as increasing Vpg. The experimental results correspond to the
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Fig.9. Dependences of: (a) LO pumping power and (b) applied LO frequency
on the internal conversion gain.

characteristics of microwave mixer in which harmonics of LO
become strong under the linear mode of the FET [21].

LO pumping power determines the conversion efficiency in a
frequency mixer. Fig. 9(a) indicates the internal conversion gain
of the harmonic optoelectronic mixing product at 2 f; o + fir as
a function of LO pumping power under optimum bias condi-
tions. The required LO power to achieve positive internal con-
version gain is approximately —7 dBm. When the LO power is
higher than 6 dBm, it is observed that internal conversion gain
begins to saturate. The LO frequency range of the harmonic op-
toelectronic mixer is also investigated for its uses at V'-band.
However, measurement was only taken from 50 to 60 GHz since
millimeter-wave components in the experimental setup were
not guaranteed above 60 GHz. As observed in Fig. 9(b), the
InP HEMT harmonic optoelectronic mixer exhibits wide LO
frequency ranges while maintaining high internal conversion
gain, which are expected to be sufficient for millimeter-wave
operation.

IV. 60-GHz RADIO-ON-FIBER SYSTEM DEMONSTRATION

In order to investigate the feasibility of using an InP
HEMT harmonic optoelectronic mixer in a radio-on-fiber
system, broad-band data transmission is demonstrated in
both fiber-optic and 60-GHz wireless links. Fig. 10 describes
the constructed remote up-conversion 60-GHz radio-on-fiber
system using an InP HEMT harmonic optoelectronic mixer.
The DFB laser diode having the wavelength of 1552 nm was
directly modulated with 622-Mb/s nonreturn-to-zero (NRZ)
pseudorandom bit sequence having the pattern length of 215 —1.
The baseband optical data signal was transmitted from the
central station to base station over a 30-km single-mode fiber,
and frequency up-converted to 60-GHz band using an InP
HEMT harmonic optoelectronic mixer with the optimum bias
conditions and a 30-GHz 1-dBm LO. The output signal at the
drain port was amplified by a 17-dB post-amplifier and radiated
from a 60-GHz horn antenna with 20-dB gain. Fig. 11 shows
the 60-GHz spectrum of frequency up-converted 622-Mb/s
data measured at the output of the amplifier. After 3-m wireless
transmission, the received signals were demodulated using a
direct detection technique with a Schottky diode. The recovered
baseband signals were filtered and connected to a sampling
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oscilloscope for eye diagram measurement or error detector for
bit error rate (BER) measurement.

Clear eye opening for recovered 622-Mb/s data is observed
as shown in Fig. 12(a). The link performance was evaluated
by measuring the BER as a function of incident optical power.
Fig. 12(b) shows the experimental results for BER character-
istics of a constructed radio-on-fiber system. Error-free trans-
mission (BER < 10™7) was achieved at 9-dBm incident optical
power to the InP HEMT. Comparing the BER characteristics of
30-km fiber-optic links with those of back-to-back links, there is
no significant transmission penalty at identical incident optical
power. The results affirms the fact that remote up-conversion
systems are free from the chromatic dispersion induced trans-
mission penalty because low-frequency optical IF or baseband
data propagates through optical fiber [4]. Since the actually ab-
sorbed optical power is less than 10% of incident optical power,
as mentioned before, the required optical power for error-free
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Eye diagram for recovered 622Mbps data

transmission can be significantly decreased if more efficient op-
tical coupling techniques are utilized.

V. CONCLUSION

We have investigated the phototransistor based on an InP
HEMT and have demonstrated a millimeter-wave radio-on-fiber
system by utilizing it as a harmonic optoelectronic mixer. The
physical origins for photodetection in an InP HEMT are clas-
sified into two major effects, i.e., photovoltaic effect and pho-
toconductive effect. The former provides an InP HEMT with
internal gain at the turn-on state; on the other hand, the latter
observed at turn-off state makes it possible to estimate the pri-
mary photocurrent that corresponds to the actually absorbed op-
tical power. Phototransistor internal gain was determined by
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taking the difference between them and including photocon-
ductor gain. In addition, it was demonstrated that InP HEMT-
based phototransistors can be used as harmonic optoelectronic
mixers, which were experimentally characterized at the 60-GHz
band. The performance was evaluated in terms of internal con-
version gain, which directly indicates conversion efficiency in
an optoelectronic mixer. In order to demonstrate their feasibility,
622-Mb/s data transmission was achieved in a radio-on-fiber
system, which consists of 30-km fiber-optic link and 3-m wire-
less link at 60 GHz. Since the InP HEMT gives many function-
alities and the possibility of integration with the other RF com-
ponents, it is expected to contribute to the realization of simple
base stations in radio-on-fiber systems.
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