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Abstract—This paper reviews recent advances in the develop-
ment of high-speed 1.55- m traveling-wave p-i-n photodetectors
(TWPD) for photonic millimeter-wave and submillimeter-wave
local oscillators. We first discuss the basic physics and per-
formances of high-speed 1.55- m TWPD. Next, we present a
frequency-domain optical-heterodyne measurement technique
for ultra-wide-band characterization of the TWPD and pho-
tonic transmitter modules within the frequency range from
almost dc up to more than 1 THz. We further demonstrate
ultra-wide-band (0.02–0.7 THz) photonic transmitter modules
consisting of a high-speed TWPD coupled to a broad-band bow-tie
antenna as well as a narrow-band 0.46-THz photonic transmitter
module producing output power levels sufficient to operate a
superconductor–insulator–superconductor (SIS) astronomical
receiver under optimum conditions. Finally, we will report on
ultra-wide-band (0.06–1 THz) photonic transmitter modules
consisting of high-speed TWPDs coupled to various rectangular
metallic waveguides (WR10, WR8, and WR5).

Index Terms—Microwave photonics, millimeter-wave
(mm-wave) generation, optical heterodyne, p-i-n photodi-
odes, photodetector, terahertz (THz) generation.

I. INTRODUCTION

M ILLIMETER WAVES (mm waves) and submillimeter
waves (submm waves) are currently attracting a great

deal of interest in radio astronomy, antenna remoting, imaging,
and broad-band wireless communications. A key challenge in
that regard is the development of ultra-wide-band and tunable
local oscillators (LOs) in these wavelength ranges. Purely elec-
trical LO sources consisting of a Gunn diode and a subsequent
multiplier chain suffer from their poor frequency coverage and
limited tuneability. To overcome these technological limitations
of all-electronic LOs, there has been increasing interest in
developing a photonic LO (PLO) capable of operating up
to submm-wave frequencies [2]–[11]. Generally, in a PLO a
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(sub)mm-wave signal is generated by square-law detection of a
highly stable phase-locked optical heterodyne signal employing
an ultrafast photodiode (PD) [1]. Since the frequency of the
generated (sub)mm-wave signal depends on the beat-frequency
difference between the two optical carriers of the heterodyne
signal, it can be easily tuned over a ultra-wide range by
varying the frequency of one optical carrier. In addition to the
ultra-wide-band capabilities, PLOs offer further advantages in
terms of power dissipation, source size, and remote tuneability.

The work presented here is motivated by fabricating
prototype PLO sources for the Atacama large-millimeter
array (ALMA) telescope array [12]. ALMA requires fre-
quency-stable, low-phase-noise local oscillators with a
tuneability from 0.03–0.95 THz and some microwatts of
output power at each of the 64 antenna sites for the remote
down-conversion of the received astronomical radio signals.
Since the distance between the central location and the various
antennas that make up the array can extend to 10 km and
more, the usage of PLO operating in the optical band is
preferable due to low fiber attenuation and the availability of
high-power erbium-doped fiber amplifiers (EDFAs) in that
band. As illustrated in Fig. 1, a PLO mainly consists of a
highly stable optical source and a high-speed PD in the remote
photonic (sub)mm-wave transmitter.

This paper focuses on recent achievements in high-speed
1.55- m traveling-wave photodetectors (TWPDs) and practical
developments of ultra-wide-band (sub)mm-wave transmitter
modules. Results on the recent developments in highly stable
phase-locked optical sources can be found in [12]–[14]. At first,
the basic physics technologies and performances of high-speed
1.55- m TWPD are theoretically and experimentally investi-
gated. This is followed by a description of a frequency-domain
optical heterodyne measurement setup for characterizing pho-
tonic (sub)mm-wave transmitter modules from almost dc up to
more than 1 THz. In Sections IV and V, photonic transmitter
modules are presented yielding either quasi-optical free-space
radiation of the generated (sub)mm-wave signals or guided
transmission within a rectangular metallic waveguide. In detail,
ultra-wide-band (0.02–0.7 THz) bow-tie-antenna-integrated
and narrow-band 0.46-THz slot-antenna-integrated TWPD will
be presented as well as rectangular-waveguide-coupled TWPD
that enable (sub)mm-wave generation from 0.06 to 1 THz.

0733-8724/03$17.00 © 2003 IEEE
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Fig. 1. Schematic of optical heterodyne signal generation in an photonic local oscillator (PLO).

Fig. 2. Concept of a TWPD with an optical rib waveguide and a coplanar
transmission line.

II. HIGH-SPEED 1.55- m TWPDs

A sketch of the high-speed 1.55- m TWPD investigated in
this paper is shown in Fig. 2. The detector consists of an optical
waveguide and an electrical transmission line. The optical het-
erodyne signal launched into the optical-strip-loaded waveguide
is gradually absorbed, resulting in a distributed current genera-
tion along the detector’s length that contributes to the overall
current propagating along the electrical transmission line of the
TWPD. The TWPD differs from a lumped element in a non-ra-
diatevely coupled (RC) time-limited response exhibiting supe-
rior high-frequency performances which has recently been the-
oretically and experimentally investigated [15]–[20].

The waveguide structure of the TWPDs investigated in this
work was grown on an InP:Fe substrate by metal organic vapor
phase epitaxy (MOVPE). The optical core is embedded in the
intrinsic region of a p-i-n diode. The absorptive nonintention-
ally doped (intrinsic) 100-nm-thick InGaAs ( 0.75 eV)
layer is located on top of a slightly n-doped ( cm )
900-nm-thick InGaAsP ( 0.944 eV) core. The P-doped
( cm ) 600-nm-thick top cladding layer is
built of InAlAs ( 1.46 eV), and the bottom cladding layer
below the optical core consists of an N-doped ( cm )
600-nm-thick InP ( 1.33 eV) layer. On top of the upper
P-doped cladding, a 50-nm-thin p-doped ( cm )
lattice-matched InGaAs ( 0.75 eV) contact layer
finalizes the structure. The technological realization of the
optical-strip-loaded waveguide, together with the fabrication
process of the hybrid electrical microstrip/coplanar transmis-
sion line, consists of a self-aligned etching process and two

metallization steps for the p- and n-type ohmic contacts. At first,
e-beam evaporation of the p-type Ti–Pt–Au (30/20/300-nm)
center contact is performed, which is also used as a mask for
the subsequent etching processes of the optical waveguide.
Selective wet-chemical etching of the contact layer, the top
cladding, and the absorptive InGaAs core layer is performed
followed by the Ge–Pt–Au (30/30/300-nm) metallization to
form the n-type ground contact of the electrical transmission
line.

For studying the physical effects limiting the frequency
response of a TWPD and to investigate the impact of de-
sign variations on the detector’s performance, a theoretical
analysis has been developed. It includes the relevant phys-
ical phenomena associated with the vertical transport of the
photo-generated carriers as well as the longitudinal optical and
electrical wave propagation within the TWPD [19]. As can
be seen in Fig. 3, the model is based on a quasi-static equiv-
alent transmission line circuit, including a distributed current
source that accurately describes the dynamics of the vertical
transport of the photo-generated carriers at any point along the
detector. This current source includes the intrinsic effects, such
as the transit time limitation due to the propagation through
the intrinsic layers. By neglecting transversal and longitudinal
carrier transport and assuming harmonic time dependence, the
distributed current source is found from one-dimensional
complex continuity equations for the electron and hole densities

and to be

(1)

Here, and denote the optical waveguide width and the
thickness of the nonintentionally doped absorbing layer, respec-
tively. Further and describe the drift velocities of electron
and holes. is the carrier generation rate and is the optical
wave propagation constant [19]. Next, the integrated contribu-
tion of the distributed current source to the overall electrical
wave propagating along the slow-wave transmission line [21] of
the TWPD is calculated using a quasi-transmission electron mi-
croscopy analysis in conjunction with the quasi-static equivalent
circuit model shown in Fig. 3(a). Here, the photo-generated cur-
rent source per unit length is represented by . and are
the resistance and the inductance of the metal center conductor
per unit length, respectively. represents the semiconductor
losses associated with transverse current flow in the doped core
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Fig. 3. (a) Quasi-static equivalent transmission line circuit model of the TWPD (b) transferred into a passive transmission line circuit loaded with a current source
i . The dependence of the characteristic impedance Z , the propagation constant 
 , and the current source i on the TWPD circuit elements are given.

and cladding layers and and are the capacitance and the
conductance of the intrinsic core layer per unit length. The air
capacitance, which is typically very small in value, is neglected.
By transforming the current source , we can convert the
equivalent transmission line circuit into a form where the active
current source is in parallel to a completely passive electrical
transmission line represented by its characteristic impedance
and propagation constant [Fig. 3(b)]. Based on the transmis-
sion line model (TLM), the radio frequency output power
delivered to the load impedance is analytically determined
to be (2), shown at the bottom of the page, with

(3)

and

(4)

representing the reflection coefficients at the input and output
ports of the TWPD, respectively.

In order to quantitatively simulate the generated power
delivered to a load impedance , the circuit parameters of
the TWPD equivalent circuit need to be determined. Generally,
these parameters are frequency dependent, but for frequencies
in excess of 20 GHz, the parameters , , , and are
considered to be constant. Only increases with the square
root of frequency due to the skin effect. In good approximation,

can be determined by , resulting in
7.995 pF/mm for the investigated TWPD structure with an
intrinsic region of 100 nm and a width of 6 m. The

Fig. 4. Calculated frequency dependence of the characteristic impedance and
electrical propagation constant of a 50-�m-long and 6-�m-wide TWPD. The
inset shows the measured S parameter of the same device up to 110 GHz.

constant conductor resistance per unit length at frequencies
below 10 GHz is given by , resulting in
18.5 mm. The series resistance mainly due to the carrier
transport in the doped semiconductor layers is approximately

mm for a 6- m-wide center contact with a
15- m separation between the center and the ground electrode.
The parallel conductance 10 mS mm and the transversal
inductance 0.08 nH mm were experimentally determined
from S-parameter measurements performed up to 110 GHz
(inset in Fig. 4). With all the equivalent circuit parameters
known, the complex characteristic impedance and the

(2)
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Fig. 5. Simulated frequency response of a 50-�m-long and 6-�m-wide
TWPD. Dots indicate measured output power levels of the same device up to
110 GHz.

complex electrical propagation constant of the TWPD
transmission line are calculated. In Fig. 4, the theoretically
determined characteristic impedance and propagation constant
of a 50- m-long and 6- m-wide TWPD are plotted up to
1-THz submm-wave frequency. The inset in Fig. 4 shows the

parameter of the same device measured up to 110 GHz.
As can be seen from Fig. 4, the characteristic impedance of
the investigated TWPD is quite constant within the frequency
range from 20 GHz to 1 THz, with an absolute value varying
between 15 and 20 .

In Fig. 5 the power delivered by the TWPD to a load
impedance of 50 is calculated using (1)–(4) for
frequencies up to 1 THz. In addition, the theoretical result is
compared in Fig. 5 with experimental data of the investigated
device up to 110 GHz. For measuring the power delivered by
the TWPD to a 50- impedance, an on-wafer 1.5- m optical
heterodyne setup with external mixers (50–110 GHz) was
used [4]. As can be seen, there is good agreement between the
measured and the simulated data with a maximum variation of
approximately 3 dB. This proves the accuracy and reliability
of the analytical model. The total roll-off of 50 dB for a the
full frequency span from dc to 1 THz is due to the transit time
effects and intrinsic effects arising from carrier transport in the
doped sections of the TWPD. In addition, propagation effects,
such as microwave losses and velocity mismatch, contribute to
the total roll-off. At frequencies in excess of 0.1 THz, we found
that the delivered power decreases with the frequency by about

for the investigated devices. Quantitatively, the power
delivered to 50 at 110 GHz was measured in dependence
of the photocurrent of the TWPD. The dc responsivity of the
50- m-long and 6- m-wide TWPD was 0.08 A/W without an
antireflection coating at the front facet. As can be seen from
Fig. 6, the maximum power level achieved is 7.9 dBm at a
photocurrent of 10 mA. Due to the mismatch between
the characteristic impedance of the investigated TWPD and
the 50- load, we estimate the generated power level to be
about 8 dB larger. Thus, the maximum available power level
at 110 GHz is expected to be about 1 mW at a photocurrent of
10 mA. As can be further seen from Fig. 6, no power saturation
is observed at photocurrent levels of 10 mA; thus, we expect
higher power levels at larger photocurrents. Currently, the max-
imum safe photocurrent of the fabricated TWPD is typically
about 20 mA. In order to further increase the generated power

Fig. 6. On-wafer measured output power at 110 GHz delivered by the TWPD
to a 50-
 load impedance with respect to the detector’s photocurrent.

levels at (sub)mm-wave frequencies, one must further suppress
saturation effects due to the high photocurrent in the TWPD
but also to reduce penalties arising from transit time and wave
propagation effects.

III. OPTICAL HETERODYNE (SUB)mm-WAVE

MEASUREMENT SETUP

To experimentally investigate the frequency response of the
TWPD and to measure the output power levels of a packaged
photonic transmitter, we use an optical heterodyne setup with
two free-running diode lasers to generate an optical heterodyne
signal with the desired beat frequency in the (sub)mm-wave
regime. For frequencies up to 220 GHz, we employ external
single-diode harmonic mixers and commercial coplanar micro-
probes for performing on-wafer measurements of the TWPD
[4]. This setup typically exhibits an equivalent noise level of less
than 50 dBm @ 200 GHz using a 10-kHz resolution band-
width. The low dynamic range of the setup is significantly lim-
ited by the jitter produced by the free-running optical hetero-
dyne source. In terms of maximum frequency, the setup is cur-
rently limited to the mm-wave region since there are no com-
mercial external mixers and coplanar on-wafer probes available
for submm-wave frequencies. Therefore, to investigate the per-
formance of the TWPDs and of the packaged transmitters at
higher frequencies up to 1 THz, either a liquid helium cooled
bolometer with a typical noise equivalent power (NEP) of about
2 pW/Hz , or a Golay cell with a typical NEP of 100–200
pW/Hz can be used. Although the Golay cell does not pro-
vide such a good NEP, it does not require any expenditure for
liquid helium cooling, since it operates at room temperature.
Therefore, it is well suited for fast characterization of the pho-
tonic transmitters. The schematic of the optical heterodyne setup
employing the Golay cell is shown in Fig. 7. The linearly polar-
ized optical output signals of two free-running external-cavity
laser diodes are combined using a 3-dB optical coupler. The
polarization state of both lasers is adjusted to each other by
tuning the polarization state of the tuned laser using a polar-
ization controller. The combined optical heterodyne signal is
amplified by a high-power EDFA. A variable optical attenuator
is employed for performing power-dependent measurements.
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Fig. 7. Optical heterodyne measurement setup with a Golay cell for ultra-wide-band (almost dc to 1 THz) characterization of the TWPD and the photonic
transmitter.

Optical input power to the TWPD is monitored by an optical
power meter, and an optical spectrum analyzer is used to mea-
sure the beat frequency. The TWPDs are reverse-biased using
a dc voltage source with internal current monitoring. The gen-
erated (sub)mm-wave power is radiated directly into the Golay
cell without using any quasi-optical lenses between the photonic
transmitter and the Golay cell. Since the Golay cell function re-
lies on a thermal effect, it requires a low-frequency modulated
input signal. To achieve this, we either modulate (20 Hz) the op-
tical heterodyne signal using a chopper, or the dc bias supplied
to the TWPD, or both.

IV. PHOTONIC TERAHERTZ TRANSMITTER EMPLOYING

ANTENNA-INTEGRATED 1.55- m TWPD

To investigate the capabilities of a photonic LO to pump the
SIS junction of an astronomical receiver, we have fabricated
a photonic 0.46-THz transmitter. A sketch of the photonic
transmitter chip used for this experiment is shown in Fig. 8(a).
Here, the TWPD was monolithically integrated with a planar
full-wave slot antenna resonant at 460 GHz. Furthermore, a pas-
sive bias-T was integrated employing radial stubs as low-pass
filters. The scanning electron microscope (SEM) pictures in
Fig. 8(b) and (c) show top views of an array of 0.46-THz and
0.65-THz transmitter chips and a single cleaved 0.46-THz
transmitter chip, respectively. The inset in Fig. 8(c) shows an
enlarged SEM picture of the active TWPD, the planar slot
antenna, and the low-pass radial stubs and bias feed line. The
overall dimensions of a single transmitter chip is 2266 1700

m , and a total number of about 300 transmitters is fabricated
on a single 2” InP substrate. Next, the transmitter chip was
mounted on a hemispherical silicon lens with a diameter of 10
mm, as shown in Fig. 8(d). The silicon lens couples the antenna
to free space, producing a near-Gaussian submm-wave beam
that can be re-imaged on any receiver optics (lens and horn).

Finally, the lens with the transmitter chip was packaged, as can
be seen from Fig. 8(e) and (f).

To investigate the capabilities of the packaged transmitter
module, an astronomical receiver with an SIS junction for
down-converting the received signals was employed. During
the experiment, all receiver components are at liquid helium
temperature. We first used a 460-GHz solid-state oscillator
chain consisting of a Gunn oscillator with a subsequent tripler
to pump the SIS junction of the receiver. The output power of
the solid-state oscillator was adjusted for optimum sensitivity
(i.e., lowest noise temperature) of the SIS junction, and the
corresponding dc-bias curve of the SIS junction was recorded
(black line in Fig. 9). Hereafter, the solid-state oscillator signal
was replaced by the optically generated LO signal from the
transmitter module. Different dc-bias curves of the SIS junction
were recorded as a function of laser input power level, i.e., as
a function of the detector’s photocurrent (gray lines in Fig. 9).
The inset in Fig. 9 shows a photo of the employed liquid helium
cooled receiver. As can be seen from Fig. 9, at a photocurrent of
about 20 mA, the power generated by the PLO is equivalent to
the power generated by the solid- state LO. Thus, the developed
photonic transmitter is capable of pumping the SIS junction
of the receiver under optimum conditions. In Fig. 10, the total
submm-wave power generated by the transmitter module is
shown as a function of the photocurrent in the TWPD. As can
be seen, the power levels follow the square-law principle; no
saturation effects are observed for photocurrents up to 20 mA.

Although resonant-type antennas exhibit a sufficiently large
bandwidth to cover a single astronomical band [12], it is of great
interest to develop an ultra-wide-band photonic transmitter that
could eventually be employed not just for a single band but
for a number of astronomical bands. To achieve such an ultra-
wide-band photonic (sub)mm-wave generation, we have inte-
grated a high-speed TWPD with a planar bow-tie antenna which
offers a reasonable constant impedance that can be matched to
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Fig. 8. (a) Schematic of a photonic 0.46-THz transmitter consisting of a TWPD monolithically integrated with a planar full-wave single slot antenna and
submm-wave filter structures to enable the dc-bias supply for the detector. SEM pictures of (b) fabricated 0.46-THz and 0.65-THz photonic transmitter array and
of (c) a single cleaved 0.46-THz chip. (d) Schematic of a photonic transmitter chip mounted on a hemispherical silicon lends as well as (e), (f) photos of the
packaged photonic transmitter module.

Fig. 9. dc current-voltage curves of the SIS junction of a 460-GHz
astronomical receiver (photo) pumped by a Gunn oscillator (black line) or by
the photonic 0.46-THz transmitter [Fig. 8(e) and (f)] at different photocurrent
levels.

the detector’s impedance within a very large frequency span. A
schematic of the bow-tie-antenna-integrated TWPD is shown

Fig. 10. Generated 0.46-THz submm-wave power with respect to the
photocurrent in the TWPD.

in Fig. 11. The inset shows a photograph of a fabricated chip.
The length and width of the TWPD and the opening angle of
the bow-tie antenna are 116 m, 3.2 m, and 9.4 , respec-
tively. The chip was also mounted on a hemispherical silicon
lens and packaged as described together with Fig. 8(e) and (f).
The packaged module was investigated using the experimental
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Fig. 11. Schematic of a TWPD monolithically integrated with a planar
ultra-wide-band bow-tie antenna. The inset shows an SEM picture of a
fabricated transmitter chip.

Fig. 12. Ultra-wide-band (sub)mm-wave power generation employing a
bow-tie-antenna-integrated TWPD.

setup shown in Fig. 7. Here, the generated power was quasi-opti-
cally radiated into the Golay cell without using any imaging op-
tics. Fig. 12 shows the measured (sub)mm-wave power received
by the Golay cell. Coupling losses associated with the quasi-op-
tical radiation into the Golay cell have not been excluded from
the measured results. As can be seen from Fig. 12, the maximum
power received by the Golay cell is about half a microwatt for
a photocurrent of approximately 6 mA. The generated power
level is fairly flat within a frequency range of 20 GHz to 0.1
THz. Above 0.1 THz, we observed that the power level ap-
proximately decreases with frequency to a power of 3, which
is in accordance to the simulations presented in Fig. 5. Sim-
ilar frequency dependence of wide-band-antenna-integrated PD
was also found in [7]. Although the power levels that have cur-
rently been achieved employing wide-band-antenna-integrated
PDs is not quite large enough for pumping astronomical re-
ceivers at terahertz frequencies, the approach offers promising

Fig. 13. Ultra-wide-band (sub)mm-wave power generation employing
rectangular-waveguide (WR10)-coupled TWPDs with different intrinsic region
thicknesses of 100 and 350 nm.

perspectives for wide-band photonic LO at least up to some 100
GHz, provided that high-photocurrent diodes [22]–[24] with im-
proved high-frequency performance are employed. However, at
very high frequencies, approximately 1-THz narrow-band an-
tennas might be more favorable since they usually offer higher
efficiency and can be more easily matched to the detector’s
impedance.

V. PHOTONIC TERAHERTZ TRANSMITTER EMPLOYING

WAVEGUIDE-COUPLED 1.55- m TWPD

Although most photonic LOs utilize the free-space radiation
of the generated (sub)mm-wave power, there are specific
applications where guided transmission in a rectangular
waveguide is more desirable. Efficient optical heterodyne
generation of guided (sub)mm waves has already been demon-
strated in [9]–[11] up to about 600 GHz using WR10 wave-
guide-integrated high-speed PDs. Here, we will demonstrate
ultra-wide-band guided transmission up to 1 THz employing
high-speed TWPD coupled to different rectangular waveguides
(WR10, WR8, and WR5). For experimental characterization,
we utilize fabricated TWPD and commercial on-wafer coplanar
to waveguide transitions. The devices are characterized using
the setup described in Fig. 7 by quasi-optical coupling the
power from the waveguide into the Golay cell. The coupling
loss is calibrated using a -band mm-wave module. In Fig. 13,
ultra-wide-band (sub)mm-wave generation is demonstrated up
to 1 THz using different TWPD coupled to WR10 waveguides.
As can be seen, the maximum power level of about 100 w
is achieved at frequencies slightly below 0.1 THz within the

band. Here, the TWPD with an intrinsic region thickness of
100 nm generates about 5 dB more power, which is traced

back to a lower transit time penalty. It can be further observed
from Fig. 13 that the power decreases with frequency to the
power of 4, which is a somewhat higher decrease as compared
with the antenna-integrated transmitter. Similar results were
also found in [9] and [10]. To further investigate the power
dependence on frequency, the TWPDs were coupled to smaller
waveguides (WR8 and WR5) since those waveguides exhibit
significantly less modes that can propagate at frequencies
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Fig. 14. Ultra-wide-band (sub)mm-wave power generation employing a WR8
and a WR5 rectangular-waveguide-coupled TWPD.

above 100 GHz. Fig. 14 shows the generated power level using
the same TWPD coupled to a WR8 and a WR5 waveguide.
In addition, the cutoff frequencies of the higher order modes
that can propagate in the two waveguides are indicated by
arrows in Fig. 14. A step-like response is observed with an
almost flat response around the cutoff frequencies of the higher
order modes. At lower frequencies, the TWPD generates
higher power levels when coupled to a WR8 waveguide, but at
frequencies above 220 GHz, the power level is about four times
larger when the TWPD is coupled to a WR5 waveguide.

VI. CONCLUSION

In conclusion, we have presented a thorough theoretical
and experimental investigation of photonic LO (PLO) signal
generation employing high-speed TWPDs. Theoretically, we
studied the high-frequency performance of TWPD up to 1 THz
using an equivalent circuit and a transmission line model for
the TWPD. The accuracy of the theoretically predicted results
has been confirmed up to a 110-GHz mm-wave frequency.
We demonstrated a narrow-band 0.46-THz packaged photonic
transmitter module that is capable of pumping the SIS junction
of an astronomical receiver under optimum conditions. We fur-
ther demonstrated an ultra-wide-band (0.02–0.7 THz) photonic
transmitter utilizing a bow-tie-antenna-integrated TWPD, as
well as an ultra-wide-band (0.06–1 THz) photonic transmitter
utilizing a WR10 waveguide-coupled TWPD.
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