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Abstract—The unitraveling-carrier photodiode (UTC-PD) is a
novel photodiode that utilizes only electrons as the active carriers.
This unique feature is the key for its ability to achieve excellent
high-speed and high-output characteristics simultaneously. To
date, a record 3-dB bandwidth of 310 GHz and a millimeter-wave
output power of over 20 mW at 100 GHz have been achieved.
The superior capability of the UTC-PD for generating very large
high-bit-rate electrical signals as well as a very high RF output
power in millimeter/submillimeter ranges can lead to innovations
in various systems, such as broadband optical communications
systems, wireless communications systems, and high-frequency
measurement systems. Accomplishments include photoreceivers
of up to 160 Gb/s, error-free DEMUX operations using an inte-
grated UTC-PD driven optical gate of up to 320 Gb/s, a 10-Gb/s
millimeter-wave wireless link at 120 GHz, submillimeter-wave
generation at frequencies of up to 1.5 THz, and photonic fre-
quency conversion with an efficiency of 8 dB at 60 GHz. For the
practical use, various types of modules, such as a 1-mm coaxial
connector module, a rectangular-waveguide output module, and a
quasi-optic module, have been developed. The superior reliability
and stability are also confirmed demonstrating usefulness of the
UTC-PD for the system applications.

Index Terms—High-frequency measurements, high power, high
speed, InP–InGaAs, millimeter wave, optical gate, photodiode, uni-
traveling-carrier photodiode (UTC-PD), wireless link.

I. INTRODUCTION

P
ROGRESS in broadband and high-frequency photonic sys-

tems, such as high-bit-rate fiber-optic communications sys-

tems [1], fiber-radio wireless communications systems [2], and

high-frequency measurement systems [3], demands innovative

improvements in device performances. An optical-to-electrical

(O/E) signal interface device is one of the key elements of these

systems, and a photodiode (PD) is widely used for various

applications. In general, bandwidth and quantum efficiency are

important figures of merit for high-speed PDs, though con-

straints exist due to the tradeoff between these characteristics

[4]. In addition, the high-output capability of a PD has also
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become very important for making full use of the superior

features of optical components, such as wide bandwidth and

wide-frequency tunability. This is because the combination of a

high-output PD and a broadband optical fiber amplifier (OFA)

can eliminate postamplification electronics and thus extend the

bandwidth of the entire system [5]. This new photoreceiver

configuration is also superior in terms of system simplicity

and input sensitivity [6]. However, in a conventional pin PD,

there are inherent tradeoffs between the output power and the

other important characteristics mentioned above [4], [7].

To overcome these problems, we have developed a novel pho-

todiode named the unitraveling-carrier photodiode (UTC-PD)

[8]. The UTC-PD provides a high 3-dB down bandwidth

and a high-saturation output power simultaneously because it

has a unique operation mode where only electrons are the active

carriers traveling through the junction depletion later [9]–[11].

To date, an of 310 GHz [12] and an output power of more

than 20 mW at 100 GHz [13] have been demonstrated. This

superior performance of the UTC-PD can drastically expand

its application area, not only as a high-speed photoreceiver in

communications systems [6], [14], [15] but also as a high-power

photonic millimeter and submillimeter-wave generator both in

wireless communications and high-frequency measurements

[16]–[19]. In addition, monolithic integrations of UTC-PDs

with various elements, such as electron devices [20], optical

devices [21], and passive components, including a resonating

matching circuit [22] and a planar antenna [23], [24], are also

promising, since the effective fusion of the excellent features

of each element can lead to novel functions with superior

performance that exceeds the limits of conventional electronics

and optoelectronic integrated circuit (OEIC) technologies.

In this paper, the operation mode, basic device performance,

and applications of the UTC-PD are described. First, we dis-

cuss how its operation mode differs from that of the pin PD.

Next, some typical characteristics of the UTC-PD, such as band-

width, output current, operating voltage, efficiency, and relia-

bility are presented. Then, as digital applications, high-speed

photoreceivers and an integrated optical gate for ultrafast signal

processing in broadband optical communications systems are

described. Finally, as analog applications, a high-power mil-

limeter-wave generator for high-frequency measurement sys-

tems and millimeter-wave fiber radio communications systems

are presented.

1077-260X/04$20.00 © 2004 IEEE



710 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 10, NO. 4, JULY/AUGUST 2004

Fig. 1. Band diagram of (a) UTC-PD and (b) pin PD.

II. OPERATION OF THE UTC-PD

Band diagrams of the UTC-PD and pin PD are schematically

shown in Fig. 1(a) and (b). The active part of the UTC-PD

consists of a neutral (p-type) narrow-gap light absorption layer

and an undoped (or a lightly n-type doped) wide-gap (depleted)

carrier-collection layer. The photo-generated minority electrons

in the neutral absorption layer diffuse (and/or drift) into the

depleted collection layer. Here, introducing a quasi-field into

the absorption layer by means of the band-gap grading and/or

doping grading is very effective in reducing electron traveling

time [10]. On the other hand, because the absorption layer is

quasi-neutral, photogenerated majority holes respond very fast

within the dielectric relaxation time by their collective motion.

Therefore, the photoresponse of a UTC-PD is determined only

by the electron transport in the whole structure. This is an

essential difference from the conventional pin PD [Fig. 1(b)],

in which both electrons and holes contribute to the response

current and the low-velocity hole-transport determines the total

performance [7]. In addition, in the UTC-PD structure, we

can effectively use the velocity overshoot of electrons [25]

in the depletion layer. This qualitatively different operation

mode of the UTC-PD provides several advantages.

Fig. 2. Modified band diagram of (a) UTC-PD and (b) pin PD at high-optical
input.

One advantage is higher device operation speed because of

the order of magnitude higher electron velocity in the deple-

tion layer compared to hole velocity. In an appropriate UTC-PD

structure with a moderate absorption layer thickness, electron

diffusion time mainly determines the operation speed. In gen-

eral, diffusion velocity is considered to be smaller than the drift

velocity. However, the electron diffusion velocity in the InGaAs

absorption layer can be very large for a relatively thin absorption

layer due to the uniquely large minority mobility of electrons in

p-InGaAs [26], even if the absorption layer has a uniform band

gap and doping structure. In addition, we can independently de-

sign the depletion layer and the absorption layer thicknesses in

the UTC-PD structure. Thus, a very thin absorption layer can be

used to attain an extremely high without sacrificing the CR

charging time. This is also an important advantage over the pin

PD, in which the CR charging time becomes significantly larger

when the absorption layer thickness is excessively reduced to

decrease the carrier transit time [4].

Another advantage is the higher output saturation current due

to much less space charge effect in the depletion layer, which

also results from the high electron velocity in the depletion layer.

In the conventional pin PD, the band profile is modified under

a high-excitation condition because photogenerated carriers

are stored in the absorption layer as shown in Fig. 2(b). The

decreased electric field drastically reduces the carrier velocity,

enhances the charge storage, and eventually results in output

current saturation. Although the situation is similar in the
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UTC-PD [Fig. 2(a)], the space charge consists of only electrons

whose velocity at overshoot is much higher than that of holes

even for the decreased electric field. Therefore, the output

does not saturate until the current density becomes an order

of magnitude higher than that for the pin PD.

An important point here is that the velocity reduction of holes

(output saturation in pin PD) starts to occur even when the cur-

rent density is relatively low. This is in contrast to the UTC-PD,

where the prominent velocity reduction of electrons (output sat-

uration) does not occur until the electric field becomes much

smaller [25]. Therefore, the linearity range of the UTC-PD is

much wider than that of conventional pin PD. Another important

point is that the high speed with high-saturation output is main-

tained at a low (or even at zero) bias voltage [27], because the

high electron velocity in the depletion layer can be maintained

at a relatively low electric field [25] or even with the built-in

field of the pn junction. This makes the high-speed operation of

the UTC-PD possible without applying any bias voltage [27]. A

smaller operation voltage is advantageous in many ways; it re-

duces power consumption, simplifies heat sinking, reduces bi-

asing circuit cost, and improves reliability.

III. DEVICE FABRICATION AND CHARACTERIZATION

The InP–InGaAs UTC-PD epilayers are grown on a (100)

oriented semi-insulating (S.I.) InP substrate by low-pressure

metal–organic chemical vapor deposition (MOCVD). The

p-type and n-type dopants are usually C and Si, respectively.

The absorption layer consists of p-InGaAs, thin p InGaAs, and

thin undoped InGaAs, and the collection layer consists of thin

undoped InGaAsP, thin undoped InP, thin n InP, and lightly

n-doped or undoped InP. Here, the p-InGaAs absorption layer is

moderately doped (typically from 1 to 10 10 cm ) so as to

obtain the benefit from the self-induced field (self-bias effect)

in the absorption layer [9], [28]. In order to suppress current

blocking at the absorption/collection layer interface, we use a

step-graded band-gap profile, inserting an InGaAsP (typical

band-gap energy of about 1 eV) layer between the InGaAs

absorption and InP collection layers. For characterizing the

high-speed performance of devices, double-mesa structure

devices are fabricated by wet chemical etching and liftoff

processes. Unless otherwise mentioned, back-illuminated con-

figuration is employed. Each device is then integrated with

50- coplanar lines on the S.I. InP substrate. The backside of

the substrate is mirror-polished and antireflection coated after

the device fabrication.

The responsivity measurement is usually done at

m in a device with an area of 2500 m . The pulse

photoresponse was measured by a pump-probe electro-optic

sampling (EOS) technique [29] with a 1.55- m incident pulse

(a full width at a half maximum (FWHM) of 280 or 400 fs;

the repetition rate is 30 or 100 MHz) using an external CdTe

probe chip. The RF output power measurement was performed

by using an RF optical source, such as a laser diode with an

external modulator, a semiconductor mode-locked laser, or

optical heterodyning with two wavelength tunable lasers, and

using a detector, such as a Schottky diode, a power meter, or an

InSb hot-electron bolometer.

Fig. 3. Pulse photoresponse of (a) UTC-PD and (b) pin PD.

IV. DEVICE CHARACTERISTICS

A. Basic Photoresponse

Fig. 3(a) and (b) shows output waveforms of the pulse

photoresponse of a UTC-PD and a pin PD [7] measured using

the EOS technique. For the measurement, the input energy was

changed from 0.2 to 2.0 pJ/pulse and bias voltage was fixed at

2 V. In order to make a reasonable comparison, both devices

were designed to have the same junction capacitance and the

load resistance (25 ).

In the UTC-PD, the output peak current increases linearly

with increasing input energy, and the waveform does not sig-

nificantly change until it reaches the saturation point. After the

saturation occurs, the pulsewidth increases gradually. However,

even at this stage, the fall time of the waveform does not obvi-

ously increase. The output current saturation is caused by the

space-charge-induced modification of the electric field in the

collection layer as mentioned in the previous section. Thus, the

fast fall time even in the saturation region is attributed to the fast

response of electrons accumulated in the depletion layer.
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Fig. 4. Pulse photoresponse of a UTC-PD with a fast-response design.

On the other hand, the waveform of the pin PD is quite dif-

ferent and it consists of two current components. The initial

sharp component (FWHM of about 1 ps) is attributed to elec-

tron transport, and the slow tail is caused by hole transport. The

peak current of the electron response starts to saturate at rela-

tively low input energy, and the pulsewidth increases gradually

at the same time. In contrast, the full width of the hole response

increases drastically as the input energy increases. This is due

to the stronger space charge effect of holes in the depletion (ab-

sorption) layer of the pin PD. The much slower hole response

compared to that of electrons produces hole accumulation and

band flattening around the cathode region in the depletion layer.

The reduction of the electric field in the depletion layer causes

even slower hole transport, and this feedback finally results in

a significant broadening of the photoresponse waveform. The

broadening in turn results in severe degradation of the band-

width and linearity of the pin PD in a high excitation condition

[7].

This comparison clearly indicates that the UTC-PD is supe-

rior for obtaining wide linearity and a very high output level

while maintaining a broad bandwidth.

B. Bandwidth

Fig. 4 shows the pulse photoresponse of a back-illuminated

InP–InGaAs UTC-PD with a fast-response design in which ab-

sorption layer thickness is 30 nm, collection layer thickness

is 230 nm, and an absorption area (S) is 5 m [12].

The shortest pulsewidth (FWHM) of 0.97 ps was obtained at

a very low bias voltage of 0.5 V. The Fourier transform of this

pulse response gives an of 310 GHz as shown in Fig. 5.

This is the highest ever reported for PDs operating at

1.55 m. This device also exhibited a 10-dB down bandwidth of

750 GHz, and a 15-dB down bandwidth of over 1 THz. The esti-

mated average electron velocity in the entire device is as high as

3 10 cm [12], which is about three times as large as the re-

ported electron drift velocity of about 1 10 cm in undoped

InP at a similar electric field [30]. This indicates that electron

velocity overshoot is actually taking place in the depletion layer

of the UTC-PD.

Fig. 6 shows the relationship between and absorp-

tion layer thickness for back-illuminated InP–InGaAs

Fig. 5. Fourier transform of the waveform in Fig. 4.

Fig. 6. Relationships between f and W for UTC-PDs and pin PDs.

UTC-PDs [31]. These data were obtained from the Fourier

transform of pulse photoresponses. Data for conventional pin

PDs are also shown for comparison. As shown in this figure, the

is proportional to for the UTC-PD and to

for the pin PD. This difference comes from the difference

in the carrier transport in the absorption layer; namely, the

electron transport in the neutral absorption layer is diffusive in

the UTC-PD, which is in contrast to the drift motion of both

carriers in the depletion layer of the pin PD. The at high

optical inputs (large signal outputs) is enhanced due to the effect

of the self-induced field in the absorption layer [9], [28]. (These

behaviors are discussed in detail in the following sections.) As

can also be seen in this figure, for the UTC-PD increases

monotonically with the reduction of , while there is an

inevitable limit for the pin PD because the CR charging time

will increase significantly with further reduction of [4].

A simplified expression of the 3-dB bandwidth for the pin PD

[4] is

(1)

where is average hole traveling time in the depletion layer

and the average hole velocity. Thus,

is basically inversely proportional to . On the other hand,

when the electron transport in the collection layer is dominant
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as in the extreme case , the 3-dB bandwidth for the

UTC-PD is similarly expressed [11] as

(2)

where is average electron traveling time in the collec-

tion layer and the average electron

velocity. Note that is much smaller than because

electron velocity at overshoot (4 10 cm/s) [25] is much larger

than hole drift velocity (5 10 cm/s) [32]. In reality, the elec-

tron diffusion time in the absorption layer dominates the total

carrier transit time in the UTC-PD except in the case of a very

thin absorption layer. In such a case, the 3-dB bandwidth is ex-

pressed [11] as

(3)

where is the diffusion coefficient of minority electrons in

p-InGaAs and the thermionic emission velocity of electrons.

This indicates that the of the UTC-PD is basically in-

versely proportional to except when the absorption layer

is very thin.

The solid line in Fig. 6 shows the calculated tendency for the

UTC-PD, which considers contributions of both carrier transit

times in absorption and collection layers. The calculation agrees

well with the experimental results except for the highest

case, where the absorption layer is extremely thin, i.e., 30 nm.

We believe this is due to the resolution limit of our experimental

setup, because we have not properly accounted for factors such

as the finite influence of the pulsewidth widening caused by the

transmission characteristics of optical fibers, the light round-trip

time in the CdTe chip, and the finite dimension of the optical

probe beam on the waveguide.

C. Effect of the Self-Induced Field

The enhancement at high-optical inputs (large signal

outputs) results from the effect of the self-induced field in the ab-

sorption layer [9], [28]. When the intensity of the optical signal

is relatively high, hole drift current prominently contributes to

the total current flow, because the hole current must flow through

the absorption layer to maintain the current continuity such that

const. (4)

where is hole current density at position and

electron current density. This hole drift current in-

duces an electric field in the absorption layer, , without

any external biasing signal, such that

(5)

where is the conductance of the absorption layer

, the electron charge, the doping level

of the absorption layer, and the majority hole mobility in

the absorption layer.

This automatically induced field in the absorption layer accel-

erates the photogenerated minority electrons in the absorption

layer. Thus, when the operation current is above a certain level,

Fig. 7. Pulse photoresponse of a UTC-PD with a high-output design.

the electron transport is regarded to be drift rather than diffu-

sion. Such a phenomenon enhances the of the UTC-PD

in a high-excitation condition. is zero at the absorp-

tion/collection layer interface and linearly increases (under uni-

form carrier generation) toward the p-contact layer side up to the

diode operation photocurrent density . Thus, the maximum

induced field does not depend on the absorption layer

thickness, while the diffusion velocity decreases in reverse pro-

portion to . This implies that the benefit of this self-induced

field is prominent when the absorption layer is relatively thick.

The total potential drop in the absorption layer is then

expressed as

(6)

This equation indicates that the benefit of the self-induced field

is stronger for smaller and proportional to the photocurrent,

. For example, when cm ,

cm Vs, and ( mA for

m ), is calculated to be 12 kV/cm, which results

in a drift velocity of 7.4 10 cm with a minority electron

mobility of 6200 cm Vs. This is much higher than the pure

diffusion velocity of 1.6 10 cm for nm (for

example), which can well explain the observed enhancement of

in Fig. 6.

D. High Peak Output Current

Fig. 7 shows the pulse photoresponse of a UTC-PD with

a high-output design in a very high excitation condition [31].

Here, the absorption area was 52 m , was 220 nm, load

resistance was 25 , bias voltage was 6 V, and optical input

energy was 8.7 pJ/pulse. The peak photocurrent reaches 184 mA

(corresponding to a current density of 350 kA/cm ), while the

FWHM stays at 4.8 ps. The Fourier transform of this pulse re-

sponse resulted in an of 65 GHz. This peak photocurrent

is about an order of magnitude larger than that obtainable with

conventional pin PDs with similar bandwidths. We also charac-

terized a back-illuminated UTC-PD with of 86 nm, of

230 nm, and S of 13 m [31], [33]. The decreased with

increasing input pulse energy or increasing reverse bias voltage

due to the space charge effect or the shift of electric field from

the optimum velocity-overshoot condition. Nevertheless, a high
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peak output current of 30 mA (230 kA/cm ) was obtained

with an of 185 GHz. These results clearly indicate the su-

perior high-output capability of the UTC-PD.

For a high-output current, some parameters must be opti-

mized. Making the absorption area larger and the collection

layer thinner can increase the maximum output current, but

doing so deteriorates the CR-time limited bandwidth. Higher

collection layer doping is also preferable; however, it may cause

smaller junction breakdown voltage. The device configuration

for better heat sinking is also a concern, because the maximum

operation current may be limited by thermal destruction. In

this regard, the UTC-PD structure is advantageous, since the

InP collection layer, on which the high electric field is applied,

has a much larger thermal conductivity [34] than that of an

InGaAs absorption layer [34], on which the high electric field

is applied in the pin-PD structure. The output saturation be-

havior of the UTC-PD for the continuous optical signal (either

pseudorandom bit sequence of sinusoidal) input is discussed in

the following sections.

E. Zero-Biased Operation

Eliminating the electric power supply is practically important

for technologies such as microwave photonics and for portable

measurement instruments because it makes systems simpler,

smaller, lighter, and less expensive. Eliminating conductive

cables [35] is also advantageous because it matches systems

immune to electrical surge and ensures the electromagnetic

field distribution is not disturbed. For such a requirement,

the UTC-PD is also promising, since the build-in field in the

pn junction depletion region is sufficient for maintaining its

high-speed and high-output capabilities.

We measured the pulse photoresponse of a UTC-PD with

of 30 nm and S of 5 m at zero bias condition [31]. Despite the

fact that no bias voltage was applied, the UTC-PD exhibited a

very short pulse response with a width (FWHM) of 1.22 ps. Its

Fourier transform (after a deconvolution) resulted in an of

230 GHz. This excellent performance arises from the superior

transport characteristics of electrons at the relatively low elec-

tric field in the InP depletion layer. The output peak current was

as high as about 7 mA, which is comparable to the typical output

peak current in conventional 50-GHz-class high-speed pin PDs

operated at a higher bias voltage, while the obtained is

much higher than the record of conventional pin PDs

(110 GHz) [36], [37]. For example, maximum RF output powers

of 5.9 dBm at 59.4 GHz [38] and 2.4 dBm at 100 GHz

[13] have been obtained from UTC-PDs without applying bias

voltage.

We have also proposed a novel UTC-PD configuration for the

zero-biased condition as shown in Fig. 8 [27]. This new PD fea-

tures two cascade-connected UTC-PDs and an integrated 3-dB

optical signal splitter. The maximum available output voltage

at zero-bias operation of a single PD is restricted by the diode

turn-on voltage, which is about 0.5 V for an InGaAs pn junction.

In contrast, in our configuration, the photogenerated voltage of

one PD is added to that of the other, so the maximum available

output voltage is twice as large as that of a conventional single

PD. The pulse photoresponse of this device at a bias voltage of

0 V and an input power of 0.2 pJ/pulse resulted in a pulsewidth

Fig. 8. Schematic drawing of the cascade-twin UTC-PD.

Fig. 9. Relationship between 3-dB bandwidth and efficiency for several types
of UTC-PDs.

(FWHM) of 4.3 ps. The Fourier transform of this pulse response

gives a 3-dB bandwidth of 63 GHz. In pulse photoresponse mea-

surements, large of 0.75 V at an of 20 GHz, 0.5 V at an

of 40 GHz, and 0.2 V at an of 60 GHz were obtained

under the zero-bias condition. We can expect RF output voltages

that are higher by a factor of two (RF output powers higher by a

factor of four) than those above when we use a continuous op-

tical RF signal input (instead of a pulse signal input with a low

repetition rate) because of the extended load line on both sides

of the zero-bias point. These results clearly demonstrate that this

novel UTC-PD structure is promising for increasing the avail-

able output voltage of a PD at zero-bias without degrading its

high-speed characteristics.

F. Efficiency

Another important figure of merit is efficiency, which is

directly related to absorption layer thickness. The back-il-

luminated configuration has certain advantages over the

surface-illuminated one since it can use reflected light signal at

the surface electrode to increase the efficiency. Fig. 9 shows the

relationship between the 3-dB bandwidth and efficiency in the

back-illuminated UTC-PDs (open circles) we have fabricated

[31]. There is a tradeoff between and efficiency, and these

values may still be insufficient for some applications. In order

to increase the efficiency without sacrificing the high-speed

characteristics, several types of UTC-PDs, such as a waveguide

UTC-PD (WG-PD) [39], a refracting-facet UTC-PD (RF-PD)

[40], and a total-reflection UTC-PD (TR-PD) [41], have been

developed.
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Fig. 10. Variation of dark current against aging time during the
bias-temperature stress test.

The RF-PD and the TR-PD utilize angled irradiation of the

signal light onto the absorption layer to increase the light prop-

agation length in the absorption layer. In order to guide the input

light diagonally, the RF-PD uses the refraction of the edge-illu-

minated light at an angled edge, while the TR-PD employs the

total-reflection of back-illuminated light at a V-grooved mirror

formed adjacent to the PD. The results for a RF-PD (closed tri-

angles) and a TR-PD (closed square) are also shown in Fig. 9.

The RF-PD achieved a responsivity of 1.0 A/W with an of

50 GHz [42] and 0.32 A/W with an of 170 GHz, while the

values are 0.83 A/W with an of 58 GHz for the TR-PD.

These values are more than twice as large as that obtained by

the back-illuminated device.

In contrast, The WG-PD utilizes a ridge waveguide to confine

the input light into the absorption region. This is advantageous

for increasing efficiency with maintaining a very small carrier

traveling distance. However, the edge illumination is generally

regarded to be disadvantageous for high-intensity light input be-

cause the highest absorption (photo-generated carrier density)

near the edge surface may cause a catastrophic degradation. One

way to relax this constraint is to employ a velocity-matched dis-

tributed PD structure [43]. We thus investigated a periodic trav-

eling-wave UTC-PD structure and found that a careful design

of the device configuration can attain proper velocity matching

in the distributed structure with a high of 115 GHz [44].

G. Reliability

Reliability is also a very important issue for practical appli-

cations. We performed bias-temperature stress test of UTC-PDs

designed for 40 Gb/s optical communications systems [45].

Fig. 10 shows the variation of the dark currents for 24 devices

monitored during the aging test at 240 C with a bias voltage

of 3 V. The PD has a responsivity of 0.8 A/W and an

of 47 GHz at a photocurrent of 10 mA. The change in the

dark current was very small over 1600 h, and no failure was

observed. Taking the results of additional tests at temperatures

of 170 and 200 C with a total device number of 74 into

account, we estimated the failure rate as smaller than 42 FIT at

25 C. Here, the random failure mode with an activation energy

Fig. 11. Photoreceiver consisting of (a) optical preamplifier and a high-output
PD and (b) one consisting of a conventional PD and electrical postamplifiers.

of 0.35 eV was assumed [according to the Telcordia Generic

Reliability Assurance Requirements (GR-468-CORE)]. This

failure rate satisfies the general requirement (less than 100 FIT)

for practical system applications.

Because the UTC-PD is typically operated at a high current

level, we also have to look at the long-term stability under an op-

tical input stress. Thus, we also tested devices at a photocurrent

of 20 mA with a bias voltage of 2 V at elevated temperature of

85 C. This temperature is the upper limit for optical parts used

in pig-tailed modules. The dark current stayed at a very low level

(less than ten times the initial value and less than 1 A) for more

than 7000 h. These results indicate that UTC-PD is sufficiently

reliable for practical system applications.

V. DIGITAL APPLICATIONS

A. Photoreceiver

A typical digital application of the UTC-PD is a pho-

toreceiver for ultra-high bit-rate communications systems.

Fig. 11(a) and (b) shows configurations of a photoreceiver with

an optical preamplifier and a high-output PD and a conventional

one with electrical post amplifiers. The high output capability

of the UTC-PD in combination with an OFA [Fig. 11(a)] makes

it possible to drive the decision circuit directly without post

electrical amplifiers [5]. Such a configuration provides several

advantages, such as wider bandwidth, a simpler system, and

better sensitivity [6], [15] and is considered to be suitable for

systems operating at 40 Gb/s or higher. For example, we have

demonstrated high-output photoreceiver operations at 80 Gb/s

[14]. The generated nonreturn-to-zero (NRZ) pseudorandom

bit sequence (PRBS) signal at 80 Gb/s was transmitted through

an 89-km optical fiber as one channel of 1.04 Tb/s WDM

signal and amplified in front of the PD using an OFA. The

eye opening was clear with a peak-to-peak voltage of 0.8 V,

which is sufficient for directly driving the digital circuit after

the PD. Error-free operation with an input sensitivity of less
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Fig. 12. Photograph of the UTC-PD module with a 1-mm coaxial connector.

than 17 dBm was also confirmed for all 10-Gb/s time slots

(8 13 104 slots).

Although even faster operation is possible, the electrical

coaxial connection in the current hybrid assembly scheme

(V-connector technology) limits the operation at frequencies

higher than 75 GHz. One way to overcome this limitation is

to use a 1-mm connector, which has a bandwidth of 110 GHz.

Fig. 12 shows a photograph of fabricated UTC-PD module

with a 1-mm connector [46]. The UTC-PD chip integrates a

biasing circuit consisting of a capacitor and a matched resistor

(50 ) and was electrically connected with the 1-mm connector

by means of a microstrip-line fabricated with quartz substrate.

Then, the PD was optically coupled with an optical fiber by

using a two-lens system. The optical parts were fixed onto the

package using a YAG laser welder. The RF response of this

module was evaluated my measuring the frequency character-

istics of the output power at frequencies of up to 110 GHz, and

it was found that the 3-dB bandwidth was about 80 GHz [46].

Fig. 13(a) and (b) shows the output waveforms of the fab-

ricated UTC-PD module for 100- and 160-Gb/s return-to-zero

(RZ) signal [47] observed with an 80-GHz-bandwidth sampling

oscilloscope (with Agilent 86 116B). Clear eye openings with

very high eye amplitudes of 0.5 V at 100 Gb/s and 0.3 V at

160 Gb/s were obtained. To our knowledge, these are the first

eye-diagram observations from PD modules at bit rates of over

100 Gb/s. For the 160-Gb/s case, degradations in the eye ampli-

tude and in the waveform (to be NRZ-like), including a signal

phase delay, are observed. These degradations are attributed to

the insufficient bandwidths of the fabricated module (80 GHz)

and the sampling head (80 GHz).

Fig. 14 shows the eye amplitude against the photocurrent for

several bias voltages at 100 Gb/s. The eye amplitude increases

linearly with increasing photocurrent until it saturates. The lin-

earity is maintained for eye amplitude of over 0.5 V, and the

maximum value exceeds 0.8 V, which is more than an order of

magnitude larger than that obtained by a conventional pin-PD

module operating at 80 Gb/s [48], [49]. It is worth mentioning

that this module could be operated at zero bias voltage with a

linear output voltage of over 100 mV with a clear eye opening.

B. Ultrafast Optical Gate

At bit rates of over 100 Gb/s, electronics-based technology

must be supplemented with photonics-based technology. In this

Fig. 13. Eye diagrams for (a) 100- and (b) 160-Gb/s PRBS optical signal inputs
received using the fabricated 1-mm connector UTC-PD module.

Fig. 14. Eye amplitude against average photocurrent at 100 Gb/s signal input
for several bias voltages.

regard, the UTC-PD can be used as an optical driver to overcome

the speed limitation of electronic circuits.

We have developed a novel O/E/O-type optical gate, named

the PD-EAM [21], [50], [51], which monolithically integrates a

UTC-PD and an electroabsorption modulator having a traveling

wave electrode (TW-EAM). Fig. 15 is a schematic drawing of

the PD-EAM. In the PD-EAM, the anode of a UTC-PD is di-

rectly connected to the anode of the TW-EAM using a thin-film

microstrip line (MSL). Such a configuration is possible because

the UTC-PD can supply sufficient voltage to drive the EAM.

The other side of the TW-EAM anode is connected to the ter-

minal resistor using the MSL. With an optical input (gate

signal) to the UTC-PD, the generated photocurrent provides a

positive bias voltage to the TW-EAM, making the waveguide

transparent for the input optical signal. Thus, this integrated de-

vice functions as a transmission-type optical gate. By simply

changing the electrical connection in the above configuration,

we can also fabricate an inverter-type optical gate. Because there

is no electrical signal interface outside of the chip, the PD-EAM
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Fig. 15. Schematic drawing of a PD-EAM optical gate.

Fig. 16. Micrograph of the fabricated PD-EAM optical gate.

is free from the 50- impedance-matching restriction. Thus, we

used a characteristic impedance of 15 (MSL, TW-EAM, and

terminal resistor) to relax the influence of the CR time constant.

Fig. 16 shows a micrograph of the fabricated PD-EAM.

All elements mentioned above and two bias capacitors are

integrated in a chip having an area of 1 0.4 mm . The active

region of the TW-EAM, which employs InAlGaAs–InAlAs

multiple-quantum-wells, is 200-mm long, and the UTC-PD

has a 3-dB bandwidth of around 160 GHz. The input signal

comes from the upper edge of the device, and the gate signal to

the UTC-PD comes from the backside of the chip. Using this

PD-EAM, demultiplexing operation for a PRBS signal at a bit

rate of 320 Gb/s was investigated [51]. The 320-Gb/s signal was

generated by optically multiplexing a 10 Gb/s PRBS signals.

Fig. 17(a) and (b) shows cross-correlation traces of the input

and output (demultiplexed) data signals, respectively. The input

data signal has a period of 3.1 ps, corresponding to a data

rate of 320 Gb/s. As shown in Fig. 17(b), the input signal is

clearly demultiplexed by properly adjusting the timing between

the input data signal and the clock (gate) signal. The on/off ratio

of the demultiplexed signal is larger than 14 dB for the adjacent

channels before and after the on-channel and larger than 28 dB

for the furthest channel between two on-channels at optimum

conditions.

Fig. 18 shows the measured bit-error rate (BER) for the 320

to10-Gb/s DEMUX together with the result for 160-Gb/s data

input. Error-free operation for 320-Gb/s DEMUX was achieved

with a receiver sensitivity of 18 dBm at a BER of 10 . This is

the highest bit rate ever achieved for error-free operation using

Fig. 17. Input data signal at (a) 320 Gb/s and (b) output (demultiplexed) data
signals at 10 Gb/s.

Fig. 18. BERs for the 160- and 320-Gb/s DEMUX.

an O/E/O-type optical gate. The sensitivity was obtained for a

receiver that includes a demultiplexer with 320-Gb/s data input.

Thus, the value for the demultiplexed 10-Gb/s data should actu-

ally be 15 dB lower than the one obtained.

We have also demonstrated ultrafast operations of the

PD-EAM, including DEMUX operation for a pulse stream

corresponding to a bit rate of 500 Gb/s [52], error-free full-rate

retiming operation at 100 Gb/s with a timing margin of 2.2 ps

[53], and optical sampling at 80 Gb/s [54]. The PD-EAM

can also be used as a wavelength converter in high-bit-rate

communications systems [55]. These results offer a clear

demonstration that the excellent high-speed and high-output
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characteristics of the UTC-PD can open up a new class of

integrated devices, which can be operated at speeds beyond

those possible with conventional OEIC technology.

C. Optoelectronic Integrated Circuit

The integration of optical and electrical devices is a tradi-

tional way to create novel functions and to improve device

performance. The UTC-PD is especially advantageous here

because it can eliminate speed-limiting electrical amplifiers

and thus extend circuit bandwidth. There are several promising

combinations for such direct-drive-type integration. The mono-

lithic integration of a UTC-PD with an electrical circuit can

realize high-speed digital OEICs for operation at 40 Gb/s or

above [20], [56], [57]. An error-free photoreceiver operation

at 40 Gb/s with a sensitivity of 27.5 dBm was achieved with

an optoelectronic decision circuit that integrates a UTC-PD

and a HEMT circuit (with 172 active electron devices). An

optical clock divide-by-two OEIC has also been proposed and

operation at 75 GHz was demonstrated [58].

The monolithic integration of a UTC-PD with ultrafast reso-

nant tunneling diodes has been applied to an optoelectronic de-

multiplexer [59] and a delayed flip–flop circuit [60], [61], both

of which operate at up to 80 Gb/s, a decision circuit operating at

40 Gb/s [62], and an optoelectronic clock recovery circuit oper-

ating at 46.2 Gb/s [63], [64]. These novel circuits are promising

for realizing high-speed low-power optoelectronic logic gates.

VI. ANALOG APPLICATIONS

Photonic generation of millimeter and submillimeter wave

signals is a promising technique because it provides several

advantages, such as an extremely wide bandwidth afforded by

the characteristics of optical components, and can use low-loss

fibers for transmission of very high-frequency signals. This

technology can be used for various applications, including

fiber-radio wireless communications systems [2], high-speed

measurement systems [3], [18], [65], [66], millimeter-wave

sensing and imaging systems [19], [67], [68], and a local signal

supply for radio telescopes [69]. The use of a photodiode

that has high-output power as well as superior high-frequency

characteristics can eliminate the costly postamplification circuit

and thus simplify the system configuration.

A. High-Power Millimeter- and Submillimeter-Wave

Generation

To attain a high-output power level at frequencies above

100 GHz without having a significant increase of the input optical

power, the implementation of additional methods to compensate

for factors that restrict device performance is effective. This is

because, at higher frequencies, output power decreases due to the

intrinsic carrier traveling time and CR time constant limitations

become significant. Considering narrow-band applications, the

use of a resonating matching circuit to overcome the CR time

constant limitations is a promising way to improve efficiency

at desired frequencies [13].

Fig. 19 is a micrograph of a fabricated matching-circuit-in-

tegrated UTC-PD [13], [22], [70] designed for operation at

100 GHz. This device integrates a UTC-PD and a short-stub

matching circuit consisting of a CPW and a MIM capacitor.

This matching circuit improves the output power by compen-

sating for the imaginary part of the internal impedance in the

UTC-PD at a designed frequency.

Fig. 20 shows the relationship between the millimeter-wave

output power and the diode photocurrent for this device

at 100 GHz. Here, an actively mode-locked semiconductor laser

was used as the optical signal source m . As seen

in this figure, a wide linearity is maintained up to a high mil-

limeter-wave output power of over 10 mW at a bias voltage of

3 V. Such a wide linearity range is important for analog ap-

plications. The maximum output power was increased by in-

creasing the reverse bias voltage from 1 to 3 V. The highest

output power was 20.8 mW at a photocurrent of 25 mA [13].

To our knowledge, this is the highest output power ever directly

generated from a PD at frequencies above the millimeter-wave

range and is about two orders of magnitude larger than that ob-

tained by a conventional pin PD [71]. The efficiency of conver-

sion from the optical signal to the millimeter-wave power in the

linear region is almost the same regardless of the bias voltage.

This indicates that the UTC-PD has sufficient bandwidth for op-

eration at 100 GHz even at a bias voltage of 1 V.

Fig. 21 summarizes the reported maximum RF output

powers against the operation frequency for UTC-PDs [13],

[38], [72]–[77] and conventional pin PDs [71], [78]–[80]. The

difference between the two types of devices becomes larger

in the millimeter-wave range, and the output power of the

UTC-PDs becomes about two orders of magnitude larger at

frequencies above 50 GHz. Such a large difference in the output

power at higher frequencies is attributed to the difference in

the space charge effect between these devices. These results

clearly demonstrate that the UTC-PD can provide high-power

millimeter-wave signals without electrical power amplifiers.

The optical input power is related to the output RF (elec-

trical) power as follows:

(7)

where is load resistance, responsivity, a factor related

to an optical modulation index, a factor related to a PD band-

width, and a factor related to optical and electrical losses.

When the RF modulated optical signal is a pulse, like one having

a narrower pulsewidth than a sinusoidal one, the optical modu-

lation index can be larger than 100%. This results in a larger fun-

damental frequency component than that in a sinusoidal signal

for a fixed average optical power. If we assume the pulse has a

Gaussian profile, is expressed [81] as

(8)

where is a pulsewidth (FWHM) and the fundamental fre-

quency. This equation indicates that the maximum output power

for a fixed average optical input power can be increased by a

factor of four when we can use a very short pulse signal. The

bandwidth of the photodiode also has a strong influence on the
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Fig. 19. Micrograph of a matching-circuit-integrated UTC-PD.

available output power. The relative output power for a wide-

band-type photodiode is expressed as

(9)

where is frequency, the CR time constant limited

bandwidth , and the carrier transit time

limited bandwidth. We also have to carefully consider various

losses, such as optical coupling loss, optical absorption, optical

reflection, dielectric loss, conductor loss, and radiation loss.

Looking at the results in Fig. 20 again, we see that the output

power at 10 mA is 5.6 mW at 100 GHz. Taking (7)–(9) into

consideration, ideal output power with a sinusoidal optical

input was calculated to be 3.0 mW, assuming an overall PD

bandwidth of 120 GHz. The experimental result is obviously

larger than this calculation, indicating that the use of short pulse

(1.5 ps) is effective for improving the output power from a PD

at a constant average photocurrent. Typically, such a signal can

be generated by using a mode-locked laser [82] and soliton

compression [83].

The saturation of the output power is attributed to two mech-

anisms: the shift of the operating point to the lower reverse bias

voltage and the space-charge effect in the collection layer. At

the high-output power condition, the operating point shifts con-

siderably to the lower reverse bias voltage. And, basically, the

space charge effect increases with increasing photocurrent. The

shift reduces the electric field in the depletion layer and thus

enhances the space charge effect. The decreased reverse bias

voltage also reduces the bandwidth of the UTC-PD because the

junction capacitance is increased and the electric field in the de-

pletion region is reduced. The effect of both mechanisms can be

relaxed by increasing the reverse bias voltage.

B. Signal Source for Measurement Systems

The UTC-PD is advantageous for generating high-frequency

and very short electrical pulse signals for high-speed mea-

surements. The implementation of a photonics system can

drastically extend the measurable frequency of conventional

electrical measurement systems at around 110 GHz. In addi-

tion, it can eliminate the troublesome process of combining the

Fig. 20. Relationship between P and diode photocurrent at 100 GHz.

Fig. 21. Comparison of reported millimeter-wave output power against the
operation frequency for UTC-PDs and pin PDs. Circles are for UTC-PDs and
triangles for pin PDs. Numbers in the figure correspond to the references.

Fig. 22. Photograph of the UTC-PD module connected to a WR-8 waveguide.

divided frequency band. We have realized a photonic network

analyzer [65]–[68] probe for the time-domain measurements

in a pump-and-probe scheme. A UTC-PD generates short elec-

trical pulses when excited by subpicosecond optical pulses.

Then, the electrical pulses propagate to the device-under-test

on a 50- CPW fabricated on quartz, which is designed to carry

over 300-GHz bandwidth signals with small dispersion and
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Fig. 23. Relationship between measured millimeter-wave output power and
the diode photocurrent at 120 GHz.

attenuation. The propagating electrical signals are measured

in the time domain using the electrooptic sampling technique

[29]. As an example, the frequency-domain S-parameters of

a high electron mobility transistor (HEMT) with a 0.1- m

gate were measured and they agreed well with the results

obtained by a conventional network analyzer. The total useful

bandwidth (30-dB) is over 300 GHz.

One of the largest scale measurement systems is the radio

telescope, which simultaneously requires extreme performance

from all devices incorporated. There is an international project

to build a large millimeter and submillimeter interferometer

array (ALMA) consisting of 80 parabola antennas distributed

within an area of 10 km in northern Chile [69], [84].

This radio telescope will detect signals from the universe at

frequencies from 30 to 950 GHz using superconductor–in-

sulator–superconductor (SIS) mixers [85]. Simultaneously

delivering a local signal to the multiple mixers within a max-

imum distance of 25 km while maintaining the signal phase for

the interferometry can best be accomplished with a photonic

system [69], [84]. This is because a photonic system provides

an extremely wide bandwidth and can use low-loss fibers for

transmission of very high-frequency signals. The proposed

frequency configuration for the direct photonic local oscillator

(LO) driver (in combination with amplifiers and multipliers)

[86] requires photodiode modules that operate mostly in the

80–120-GHz band and some in the 100–160-GHz band. For

practical use, especially in the frequency range above 100 GHz,

the device should be in a module with a rectangular waveguide

(WG) output port, because the useful frequency range of the

coaxial connector is limited to below 100 GHz. We have

developed a waveguide output UTC-PD module for operation

in the F-band (90–140 GHz) [75].

Fig. 22 is a photograph of the fabricated butterfly-type

module connected to the WR-8 rectangular waveguide for the

F-band. Its size and configuration are equivalent to those of

conventional semiconductor O/E devices so that it is compatible

with the standard assembly/testing equipment for O/E device

modules. The responsivity of the module is about 0.35 A/W.

Fig. 23 shows the relationship between the measured mil-

limeter-wave output power and the diode photocurrent for

Fig. 24. Output powers from the module against frequency. Solid curve in the
figure is a calculation based on an analytical model.

Fig. 25. Variation of the dark current of the W-band module against time under
optical input and reverse bias stresses.

the fabricated module at 120 GHz. Here, pulse trains from an

actively mode-locked semiconductor laser diode operating at

60 GHz m were optically multiplexed by using

an optical multiplexer (OMUX) to prepare quasisinusoidal

120-GHz millimeter-wave optical input signal [87]. The output

power was detected with a power meter. A wide linearity is

maintained up to a very high millimeter-wave output power of

over 10 mW. The saturation point of the output power increased

with increasing bias voltage, and the maximum output power

of 17 mW (at a photocurrent of 25 mA) with a very wide

linearity range was obtained at a bias voltage of 3 V. To our

knowledge, this is the highest millimeter-wave output power

directly generated from a PD module in the F-band.

The output 3-dB bandwidth (Fig. 24) was about 55 GHz,

which fully covers the F-band. The solid curve in the figure is a

fitting calculation based on an analytical model of the matching

circuit. The experimental result agrees well with the calculation,

indicating that most of the frequency variation is that of the in-

tegrated matching circuit.

We have also developed a waveguide-output UTC-PD

module for operation in the W-band (75–110 GHz) [76] and

D-band (110–170 GHz) to fulfill the requirement for ALMA

[85]. For practical use, long-term stability is also an important
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issue. Although bias-temperature and optical-input stress tests

have confirmed that UTC-PDs designed for 40 Gb/s optical

communications systems have excellent reliability [44], we

also measured the variation of dark current in the fabricated

waveguide-output module under optical input stresses at room

temperature (Fig. 25). Here, the W-band module [76] was

used for the experiment. The module was biased at 2 V with

an optical input corresponding to a photocurrent of 10 mA

(responsivity is about 0.35 A/W). Except for an initial increase,

the dark current stayed at a very low level for more than 8000 h.

These values are considerably lower than the generally required

level for high-speed PDs of 1 A (broken line in Fig. 25).

This indicates that the fabricated UTC-PD chip is reasonably

reliable. The changes in responsivity and millimeter-wave

output power at the same photocurrent were also confirmed to

be very small after this long-term stability test.

A photonic LO [88] comprising a waveguide-output UTC-PD

module [89] and a millimeter-wave light signal source based on

an optical comb generator [90] has already been applied to ra-

dioastronomical observation [91]. By photonically supplying a

local signal to the receiver in the 45-m telescope at Nobeyama

Radio Observatory, Japan, we were able to successfully ob-

tain spectra of CS molecules from W51 (H O) (a famous high-

mass star-forming region in our galaxy) with a signal-to-noise

ratio comparable with that of conventional electrical local signal

source. This clearly indicates that the photonic local signal dis-

tribution system is practically applicable for radio telescopes.

In the frequency range above the D-band, monolithic in-

tegration of a photodiode and a miniaturized antenna [92] is

promising because it eliminates the loss and reflection in elec-

trical transmission lines. It may also be necessary to employ

a quasi-optical system to configure a system that can handle

submillimeter-wave signals. Fig. 26 shows a micrograph of the

fabricated device, which integrates a UTC-PD and a self-com-

plementary log-periodic toothed planar antenna, whose teeth

correspond to frequencies from 150 GHz to 2.4 THz [23],

[93]. Fig. 27 shows the relationship between the measured mil-

limeter-wave output power and the diode photocurrent at 1.04

THz for a bias voltage of 2 V [94]. Here, the millimeter-wave

power was measured using a Fourier transform spectrometer

and an InSb hot-electron bolometer, and the absolute values

were calibrated against a blackbody. The output power in-

creased linearly in proportion to the square of the photocurrent,

and the maximum output power obtained was 2.6 at a

photocurrent of 13 mA. To our knowledge, this is the highest

output power ever directly generated from a PD in the THz

range. It is even higher than the highest output power reported

for a low-temperature-grown (LT) GaAs photoconductive

switch [95] and is more than two orders of magnitude higher

than that obtained by a pin PD [96].

Here, the observed result includes power losses due to cou-

pling efficiency, absorption, reflection, and divergence of the

output signal, and emission toward the opposite side from the

Si lens. Thus, the actual emitted power should be even higher.

More importantly, the bias voltage applied was about an order

smaller than that required for the LT-GaAs photoconductive

switch [95]. Thus, the total power dissipation in the device is

much smaller, which should be advantageous in regard to device

Fig. 26. Micrograph of a UTC-PD integrated with a log-periodic antenna.

Fig. 27. Relationship between P and diode photocurrent at 1.04 THz.

Fig. 28. Photograph of the quasioptic UTC-PD module with an Si lens.

reliability. We also obtained a record output power of 300

at 300 GHz from the same device [97].

For practical use, we have also fabricated a quasi-optical

UTC-PD module (Fig. 28). We designed the module to be the

same size as that of conventional semiconductor optoelectronic

(O/E) devices so that we could use standard assembly equip-

ment. The PD chip was placed on a hyper-hemispherical silicon

lens and electrically connected to the dc bias leads. Then, the

photodiode was optically coupled to the optical fiber using a
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Fig. 30. Experimental setup for the 120-GHz wireless link using a UTC-PD in the photonic millimeter-wave emitter.

Fig. 29. Frequency dependence of the detected power from the quasioptic
module. Solid curve is the calculation based on the device parameters, and the
broken curve is the one without the CR time constant.

single-lens system. These optical parts were welded onto the

package using a YAG laser, which assures the stability of the

optical alignment. The size of the module is 12.7 30 10 mm

(excluding the optical fiber and the leads).

Fig. 29 shows the frequency characteristics of the fabricated

module for a photocurrent of 10 mA. The output power de-

creased gradually with increasing frequency, and we could de-

tect submillimeter waves at frequencies of up to 1.5 THz. This

is the highest operation frequency ever achieved using a pho-

todiode operating at 1.55 m. The solid curve in the figure

is a calculation, which only takes into account the CR-limited

and transit-time limited bandwidths [23] of the UTC-PD with

a constant loss. The experimental result agrees well with the

calculation, indicating that only the PD device parameters are

determining the basic frequency dependence and that the inte-

grated antenna is very wideband. Thus, if we can eliminate the

influence of the CR time constant by employing a resonating

narrow-band matching circuit, it would be possible to obtain an

output power of more than 10 W at 1 THz, as indicated by the

broken curve in the figure. These results clearly indicate that

the UTC-PD is a promising and realistic device for generating

a continuous THz wave with a practical output power, which

is required in various applications, such as submillimeter-wave

spectroscopy, imaging, and probes for investigating the influ-

ences of electromagnetic waves on biological objects.

Photonic generation of millimeter-/submillimeter-wave

signal is also promising for the millimeter-wave imaging

systems [19], [67], [68]. This technology allows us to obtain

information through optically nontransparent obstacles, such as

thin walls, fog, or smoke. The prospective application areas in-

clude security systems, millimeter-wave scopes for emergency

situations, inspection of agricultural and industrial products,

and medical diagnosis.

C. Transmitter for Fiber-Radio Communications Systems

Another promising analog application of the high-output

UTC-PD is fiber-radio wireless communications systems.

The growing demand for expanding data throughput in wire-

less communications system has been accelerating the use

of frequencies up to the millimeter-wave range. As the fre-

quency becomes higher, the electrical transmission of the

microwave/millimeter-wave signal from the central station

to the base station becomes more difficult due to the large

loss in a coaxial cable. One approach to overcoming this

problem is to use photonics technology. In addition, the use of

a high-output-power PD can eliminate the costly post amplifi-

cation circuit and simplify the base station.

Fig. 30 shows the experimental setup for a 120-GHz wireless

link using a UTC-PD in the photonic millimeter-wave emitter

[98]. For the optical millimeter-wave signal source, pulse trains

from a subharmonically mode-locked laser diode operating

at 60 GHz were optically multiplexed by using an OMUX to

prepare quasisinusoidal 120-GHz millimeter-wave light signal

m [87]. The 120-GHz optical carrier was coded

by a Mach–Zehnder modulator (MZM) using PRBS signals

generated from a pulse pattern generator (PPG). A modulated

subcarrier was fed into the photonic emitter and was converted

into millimeter-wave signals. The photonic emitter consists of a

UTC-PD, a HEMT amplifier, and a waveguide-coupled antenna

and can output millimeter-wave output power of up to 7.3 mW

at 120 GHz. The millimeter-wave signal was transmitted over

a distance of 2.5 m and detected by a Schottky barrier diode

detector.

Fig. 31 shows the dependence of the BER on the received

millimeter-wave power. A BER of less than 10 was obtained
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Fig. 31. BER performance of the 120-GHz-band wireless link.

when the received power was 9.6 dBm at 10 Gb/s, 12.5 dBm

at 8 Gb/s, and 15.0 dBm at 5 Gb/s. The transmission rate of

10 Gb/s [98]–[100] is the highest ever achieved in a millimeter-

wave wireless link and is about an order of magnitude higher

than that obtained by a pure electronics-based system (1.25 Gb/s

at 60 GHz) [101].

We have also developed a compact photonic emitter module

for a 60-GHz wireless link [102] using a device monolithically

integrating a UTC-PD, a planar antenna, and a bias circuit

[103]. With this module, error-free transmission at a bit rate

of up to 2.5 Gb/s has been demonstrated [102]. These results

are highly promising for realizing broadband wireless com-

munications systems that overcome the limitations of today’s

electronics-based ones.

D. Nonlinear Photonic Up-Conversion

Another application is photonic millimeter-wave frequency

conversion based on nonlinear operation of a UTC-PD. In order

to simplify the configuration of frequency conversion and sup-

press the chromatic dispersion effect, direct frequency conver-

sion using nonlinear photodiode operation is promising [104].

For realizing such a function, stronger nonlinearity as well as

possible high output level of converted millimeter-wave signal

is important. A conventional pin PD has output nonlinearity in

its response. The nonlinearity originates from carrier velocity

modulation, which depends on diode operation voltage and car-

rier space charges. However, the conversion efficiency is rela-

tively low compared with that of more conventional methods

based on electrical mixing using varactors or field effect tran-

sistors. As we have seen (Figs. 3, 20, 23, and 27), the UTC-PD

has a high linearity up to a very high output range. The impor-

tant point here is that, when the output saturation occurs in the

UTC-PD, the output deviates from the linear tendency rapidly;

that is, there is a strong nonlinearity. By effectively using this

characteristic, we can realize an efficient and high-output-power

frequency converter.

We have demonstrated photonic frequency up-conversion

(photomixing) in the millimeter-wave range [105] using the

setup shown in Fig. 32. The UTC-PD was biased at 0 V, where

the nonlinearity becomes much stronger. Two RF modulated

lights, one fixed at a local frequency (59.4 GHz) and the other

variable in the intermediate frequency range (600 MHz), were

Fig. 32. Experimental setup for the nonlinear frequency up-conversion using
a UTC-PD.

Fig. 33. Output LO power and up-converted signal power against the input
power of optical local signal. IF input power was kept constant at 17.5 dBm.

optically mixed and fed into a UTC-PD through an optical

fiber, and the millimeter-wave output power was measured

by a spectrum analyzer. Fig. 33 shows the variations of mil-

limeter-wave power for local and up-converted signals against

the optical local input power. Here, the optical power for the

intermediate frequency signal was kept constant at 17.5 dBm.

The up-converted signal power at 60 GHz increases almost

linearly with the square of optical input power. The conversion

efficiency was as high as 8 dB for the measured range. This

conversion efficiency is the highest ever reported for photonic

millimeter-wave frequency conversion using a photodiode and

more than an order of magnitude larger than that reported for

a pin PD [104]. Moreover, the output power improvement is

more than 30 dB, which clearly demonstrates practical output

power for various applications. Since the modulation of optical

signals at frequencies of several gigahertz can be easily ac-

complished by means of today’s low-cost optical components,

this configuration enables us to generate very high frequency

signals with a wide variable frequency range of up to several

gigahertz in a cost-effective way.

VII. CONCLUSION

The basics of the UTC-PD, such as its operations, fabri-

cation, bandwidth, output level, low-bias-voltage operation,

efficiency, and reliability, were overviewed. The UTC-PD
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has a unique mode of operation and is capable of high-speed

and high-output operations. UTC-PDs exhibit a record 3-dB

bandwidth of over 300 GHz and a record RF output power of

over 20 mW at 100 GHz. As promising digital applications,

a UTC-PD photoreceiver at bit rates of up to 160 Gb/s and

error-free DEMUX operation of a novel PD-EAM optical gate

(integrating a UTC-PD and a TW-EAM) at bit rates of up to

320 Gb/s have been demonstrated. Integration of the UTC-PD

with various electronic devices is also promising. As analog

applications, we have developed a waveguide output UTC-PD

module and demonstrated an output power of 17 mW at 120

GHz. A quasi-optic UTC-PD module also exhibits a record

output power of 2.6 W at 1.04 THz. With this excellent

performance, these modules are suitable for several analog

applications, such as fiber-radio wireless communication sys-

tems at a data rate of up to 10 Gb/s, millimeter-wave imaging

systems, RF sources for measurement equipment, photonic

frequency conversion, and the local signal distribution system

in radio telescopes.
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