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Abstract—This paper describes the design, fabrication,
and measurement of backward-wave-cancelled distributed
traveling-wave photodetectors. One of the fundamental issues
in traveling-wave photodetectors is the generation of back-
ward-waves, which reduces bandwidth or, in the case of matched
input termination, reduces their radio-frequency (RF) efficiencies
by up to 6 dB. We report a traveling-wave photodetector with
multisection coplanar strip transmission lines. The reflections at
the discontinuities of the transmission line cancel the backward
propagating waves exactly. The bandwidth reduction due to back-
ward-waves is eliminated without sacrificing the RF efficiency.
We have demonstrated a broadband backward-wave-cancelled
traveling-wave photodetector with three discrete photodiodes.
The photodetector is realized in InGaAs/InGaAsP/InP material
systems and operates at 1.55 m. A 3-dB bandwidth of 38 GHz
and a linear RF output of 1 dBm at 40 GHz have been achieved.
The experimental results agree very well with the theoretical
calculations.

Index Terms—Backward-wave cancellation, coplanar transmis-
sion line, distributed photodetectors, high-power photodetectors,
microwave photonics, traveling-wave photodetectors, velocity
matched distributed photodetectors.

I. INTRODUCTION

T RAVELING-WAVE photodetectors (TWPDs) have
attracted much attention recently [1]–[12]. The speed

of conventional lumped element photodetectors is limited by
RC time and carrier transit time. By embedding the photode-
tector in a microwave transmission line, the capacitance of
the photodiode becomes part of the distributed capacitance
of the transmission line, and the RC time associated with
the line impedance and the diode capacitance is eliminated.
This enables us to build photodetectors with higher speed,
or, perhaps more importantly, high-speed photodetectors with
large absorption volume for high power operation. There are
two main applications of TWPDs: the first is generation of
widely tunable millimeter and submillimeter waves or even
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terahertz radiations by photomixing techniques [13]; the other
is linear photodetectors with high saturation photocurrent
for analog fiber optic links or radio-frequency (RF) photonic
systems. High-power high-speed photodetectors reduce RF
insertion loss and increase spurious-free dynamic range and
signal-to-noise ratio of analog fiber optic links [13], [14].

There are two types of TWPDs. The simpler type has a contin-
uous absorption region along the microwave transmission line
[1]–[4], [6], [12]. For continuous TWPD with p-i-n structures,
the phase velocity of the microwave transmission line is lower
than that of the optical waves due to excessive capacitive loading
from the photodiode [6]. To avoid the bandwidth limit due to
the walkoff (or velocity mismatch) between the optical and the
microwave signals, the lengths of continuous TWPDs are gen-
erally much shorter than the wavelength of the RF signals. The
impedance of continuous TWPD is usually lower than 50due
to the same capacitive loading. The second type of TWPDs,
called velocity-matched distributed photodetectors (VMDP) or
periodic TWPD, divides the absorption length into discrete pho-
todiodes connected by a passive optical waveguide [5], [7], [10],
[11]. The microwave and the optical velocities in VMDP can
be matched by adjusting the sizes and separation of the dis-
crete photodiodes. It is also possible to design a transmission
line with a 50- impedance in VMDP. Both types of TWPDs
offer higher power handling capabilities than lumped photode-
tectors. The maximum photocurrents are limited by catastrophic
damage caused by thermal run away process [15]. The TWPDs
have lower thermal impedances because the heat generated by
the photocurrents is distributed over a larger area. Even lower
thermal impedance can be obtained in VMDP with large diode
spacing (more than the thickness of the substrate).

One of the fundamental issues for traveling-wave photodetec-
tors is the backward propagating waves generated by the pho-
tocurrent. The input ends need to be terminated with the line
impedance (usually 50 ), otherwise the phase lag between
the forward and the reflected backward propagating waves will
limit the bandwidth. Bandwidth improvement with input termi-
nation is, however, at the expense of efficiency as half of the
currents generated by the individual photodiodes are dissipated
in the 50- input termination. Fig. 1 shows the bandwidth-re-
sponse tradeoff in a single section TWDP with and without input
termination. Termination of the input with a 50-load increases
the bandwidth, but the response decreases by up to 6 dB.
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Fig. 1. Effect of input termination on the frequency response of TWDP.

Fig. 2. Schematic of MS-TWDP for backward-wave cancellation.

High bandwidth without loss of responsivity can be obtained
by canceling the backward propagating wave using the reflec-
tions in a multisection transmission line, as originally proposed
for distributed amplification in traveling-wave tubes [16]. A
similar scheme for improving the efficiency of traveling-wave
distributed photodetectors has previously been proposed [17],
[18] and experimentally demonstrated [19]. In this paper, we
present the design, fabrication, and experimental results of a
multisection transmission-line traveling-wave distributed pho-
todetector (MS-TWDP) with dissimilar coplanar strip (CPS)
sections for backward-wave cancellation. We have achieved
3-dB bandwidth of 38 GHz and up to1 dBm of linear RF
output power at 40 GHz in our photodetector.

This paper is organized as follows. In Section II, we will
present the theory of backward-wave cancellation. Section III
describes the design of MS-TWDP. We will present the fabri-
cation details of the MS-TWDP device in Section IV, the mea-
surement results in Section V, and discussions in Section VI.

II. THEORY

A. Backward-Wave Cancellation

The schematic of the proposed traveling-wave photodetector
with backward-wave cancellation is shown in Fig. 2. It con-
sists of an array of photodiodes connected by a passive optical
waveguide. The photocurrents are collected in a multisection
microwave transmission line. The impedance mismatch at the

Fig. 3. Figure showing backward-wave cancellation mechanism using
reflected currents at the junctions of the dissimilar transmission-line sections.

junction of the different CPS sections creates a partial reflection
of the forward propagating wave. The reflection coefficient at
each discontinuity is always negative provided the impedances
of the multisection transmission line are tapered down toward
the output end (i.e., the load). It is thus possible to use the re-
flected wave to cancel out the backward propagating fraction of
the photocurrent generated by the photodiode at the disconti-
nuity.

The backward-wave cancellation procedure in an MS-TWDP
is shown in Fig. 3. It has three diodes generating currents
and into transmission lines with line impedances and

respectively. When the current from diode 1 reaches the
transmission-line section with impedance is reflected
back toward the input end and1 is transmitted toward
the output load, where

(1)

is the reflection coefficient. The current from diode 2, on the
other hand, divides into two parts: flows toward the input
end and flows toward the output end, where

(2)

To cancel the backward propagating wave, the line impedances
and should be chosen such that

(3)

Substituting (1) and (2) into (3), we obtain

(4)

In general, the relation between the line impedance of the adja-
cent sections can be derived to be

(5)

where and are the impedances of theth and 1th
sections (with suffix increasing from input end to output end),
and refers to the photocurrent generated by theth diode.
The above relation can be used to design the impedances of the



MURTHY et al.: BACKWARD-WAVE CANCELLATION IN DISTRIBUTED TRAVELING-WAVE PHOTODETECTORS 3073

Fig. 4. Epitaxial structure used for the fabrication of MS-TWDP.

different section of the multisection transmission line for any
arbitrary distribution of currents among the individual diodes of
the MS-TWDP. For the case when the currents generated by all
the diodes are the equal, (5) reduces to

(6)

In (6), increases from input to output ends, is the line
impedance of theth section looking in from the input end, and

is the impedance of the input section. We have previously
demonstrated backward-wave cancellation for unequal current
distribution among the diodes of the photodetector [19]. In this
paper, we will present a design with equal photocurrent distri-
bution among the diodes.

B. Frequency Response of TWDP

Frequency response of the MS-TWDP is calculated using the
ABCD matrices for the individual diode and transmission-line
sections as shown in Fig. 3 [7]. The voltages and currents at the
terminals of the unit cells are evaluated recursively to get the
general solution, using

(7)

where and are the voltage and current at theth unit
cell, and are the ABCD matrix elements [21] for the

th coplanar section and diode, respectively,is the current
generated by theth diode, is the propagation constant of
the optical wave, is the length of the coplanar transmission
line between two diodes, is the diode length, and are
the series resistance and the capacitance of theth diode, and

is the normalized transit-time frequency response [22].

The particular solution can be obtained from the termination
conditions at the input and output using

(8)

(9)

where is the total number of diodes, and are the gen-
eral solution values for the voltage and current at theth unit
cell, is the input termination, and is the output termi-
nation. If we define

(10)

then can be expressed as

(11)

The output current can be found by solving.

III. PHOTODETECTORDESIGN

A. Microwave Design

The first step is to choose the fractional current generated in
the individual diodes and the number of diodes in the photode-
tector. We would ideally like to have equal currents in the indi-
vidual photodiodes so the maximum photocurrent is not lim-
ited by thermal failure of the first diode [15], [23]. In prac-
tice, the number of diodes will be limited by the maximum line
impedance that can be microfabricated on chip and microwave
losses of the skinniest (highest impedance) line. The first CPS
section in MS-VMDP has the highest line impedance, which
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Fig. 5. Simulated frequency response of our MS-TWDP design with three
diodes.

equals the number of diodes multiplied by the output impedance
of the photodetector. In this paper, we choose to use three dis-
crete diodes with equal photocurrent distribution. The required
line impedances of the individual sections of the multisection
transmission line are thus 150, 75, and 50[(6)] from input
to output. The widths of the coplanar lines are 2, 40, and 120

m, and the separations between signal and ground electrodes
are 120, 100, and 60m, respectively [24]. The spacing between
the diodes is designed to be 300m to obtain the desired loaded
line impedances of 150, 75, and 50for the three sections (the
input section is 150 , and the output section is 50).

B. Epitaxial Layer Design

In a series feed photodetector, the maximum linear photocur-
rent is limited either by thermally induced failure or charge
screening due to high photocurrent densities. In either case the
entire photodetector ends up being limited by the diode with
highest photocurrent or photocurrent densities. It is desirable to
have uniform photocurrent distribution among individual pho-
todiodes. Equal photocurrents and photocurrent densities can
be obtained through parallel feed of the diodes with an inte-
grated multimode interference (MMI) coupler [20]. The MMI
coupler however increases the size of the photodetector. In this
paper, equal photocurrents are achieved by tailoring the lengths
of the photodiodes. The epitaxial layer structure is shown in
Fig. 4. The main structure consists of a 1.3-m-thick passive
waveguide layer (quaternary layer with bandgap wavelength
of 1.06 m) and a 0.2-m-thick InGaAs absorption layer. A
0.4- m-thick InGaAsP ( m) matching layer is in-
serted between the passive waveguide and the absorption region
to enhance the optical coupling. The extension of the matching
layer beyond the diode can be optimized for high responsivity
[25] or for high linearity [26]. The lengths of the diodes in our
photodetector are 8, 10, and 20m, respectively. The matching
layer extension is chosen to be 18m for high linearity. The un-
doped setback layers on either side of the absorbing region are
graded to reduce carrier trapping and increase bandwidth. The
upper half of the matching layer is doped to form the n-contact
layer. The lower half is not doped to reduce optical losses in

(a)

(b)

Fig. 6. (a) SEM of the fabricated photodetector showing the three p-i-n
diodes and the different coplanar strip sections. (b) Closeup view of the p-i-n
photodiode and the matching layer extension on passive waveguide.

Fig. 7. DC responsivity measurement. DC photocurrent is linear up to 12 mA
at�4 V bias.

the passive waveguide. The theoretical frequency response for
the MS-TWDP, calculated using the formulation in Section II,
is shown in Fig. 5. The 3-dB bandwidth is 42 GHz, limited by
the velocity mismatch between microwave and optical signals.

IV. DEVICE FABRICATION

A 4- m-wide active mesa is first selectively wet-etched
using the HSO :H O :10H O solution. The n-contact mesa
and the matching layer are then patterned using the same
H SO :H O :10H O etchant. The p-contact is patterned on
the active mesa by evaporating 200AuZn/300 Ti/2000
Au in an electron-beam evaporator followed by conventional
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Fig. 8. Heterodyne setup for RF linearity measurement.

photoresist liftoff in acetone. The 0.7-m-high 12- m-wide rib
waveguides are formed in the InGaAsP ( m) layer
by time etching in HCl:HNO:H O. Next, 5000 of Si N
is deposited at 325C by plasma-enhanced chemical vapor
deposition to passivate the photodiodes. Windows are opened
in the nitride for n-contacts and interconnect metals. Finally,
50 Ni/1000 AuGe/1000 Ag/2000 Au is patterned
using e-beam evaporation and liftoff processes. The n-ohmic
metal is also used as the interconnect metal to save a mask
step in the fabrication of the device. The contacts are annealed
using a rapid thermal processor system at 380C for 10 s. The
scanning electron micrograph (SEM) of a fabricated device is
shown in Fig. 6(a). Fig. 6(b) shows a closeup view of the active
photodiodes. The 18-m-long match layer extensions on both
sides of the photodiode are clearly observed.

V. RESULTS AND DISCUSSION

The dc responsivity of the MS-TWPD is 0.24 A/W (Fig. 7).
The responsivity is limited by the losses at the waveguide–pho-
todiode interface, fiber coupling loss into the optical waveguide,
and imperfections in the anti-reflection coating. The matching
layer and the photodiode sections are multimode waveguides.
The coupling loss between the passive waveguide and the ab-
sorption region is estimated to be 15% per interface using beam
propagation method simulations. The dark current is less than
100 nA per diode and a bias of2 V is sufficient to com-
pletely deplete the absorption layer. The dc responsivity, shown
in Fig. 7, remains linear up to 12 mA, at which point the thin
metal interconnect between the first photodiode and the mi-
crowave transmission line is damaged. After failure, the detector
responsivity is decreased by30 % but remains operational.
The heterodyne frequency measurement setup used for band-
width and RF linearity measurements is shown in Fig. 8. Two
Photonetics external cavity tunable diode lasers are mixed to
generate the RF signal. The combined optical signal is ampli-
fied in an SDL FA30 erbium-doped fiber amplifier (EDFA) and
then coupled into the MS-TWPD using a lensed fiber. The input
optical power is controlled by an variable optical attenuator. An

Fig. 9. Frequency response of the MS-TWDP photodetector. The 30-dB
bandwidth is 38 GHz.

optical bandpass filter with 5-nm bandwidth is inserted to reject
the out-of-band optical power from the EDFA output. The gen-
erated RF signal is collected by probing the 50-section of the
MS-TWDP with a 40-GHz GGB Industries picoprobe and mea-
sured in an Agilent 8487A power sensor-power meter. The RF
frequency is monitored throughout the measurement using an
Agilent 8565E RF spectrum analyzer. The measured RF power
increases quadratically with the input optical power.

The frequency response measured at 0 dBm input optical
power and 2 V bias is shown in Fig. 9. The 3-dB bandwidth
is 38 GHz. It should be mentioned that the frequency response
of the probe, which, per specifications, has a loss of 1 dB at
40 GHz, has not been calibrated out of this measurement. In
spite of this, the measured bandwidth is 2.5 times higher than
the round-trip time bandwidth limit of 15 GHz. This confirms
that the backward-wave in our MS-TWPD is indeed cancelled.
Backward-wave cancellation enables us to achieve high band-
width in traveling-wave distributed photodetectors without
losing 6 dB of electrical power in the input termination resistor.
With backward-wave cancellation, the necessity of fabricating
an on-chip termination resistor and dc blocking capacitor no
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Fig. 10. RF linearity measurement at 40 GHz. RF output at 40 GHz remains
linear up to�1 dBm.

longer exists, simplifying the fabrication process. The linearity
measurement of the RF response at 40 GHz is shown in Fig. 10.
At a bias of 2 V, the 40-GHz RF response compresses by
1 dB at 5 dBm. When the bias voltage is increased to3
V, the 1-dB compression power increases to1 dBm. When
the bias was further increased to4 V, the first diode of the
detector failed (indicated by the reduction of the photodetector
responsivity by 30%). The failure is due to thermal dissipation
induced disconnection of the interconnect metal from the diode
contacts. With thicker metal interconnects and improved heat
sinking, we expect to achieve even higher linear RF powers.

VI. CONCLUSION

We have successfully designed and fabricated a trav-
eling-wave photodetector with backward-wave cancellation
structures. The total absorption length of 38m is divided into
three discrete photodiodes spaced by 300m. The lengths of
the diodes (8, 10, and 20m) are chosen to achieve uniform
photocurrent distribution. The photodiodes are connected by
a passive optical waveguide, and output signals are collected
by multisection coplanar strips with step-reduced impedances.
Cancellation of backward propagating waves is confirmed
experimentally. The 3-dB frequency is measured to be 38 GHz.
A maximum linear photocurrent of 12 mA is achieved at dc. A
maximum linear RF power of 1 dBm is observed at 40 GHz
using optical heterodyne technique. Higher linear photocurrent
could be obtained by increasing the thickness of the metal in-
terconnect lines. We have also reported a theoretical model for
the backward-wave-cancelled traveling-wave photodetectors.
Good agreements between theoretical and experimental results
have been achieved. This photodetector is useful for analog
fiber-optic links and RF photonic systems.
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