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Abstract—This paper presents a full four-port characteri-
zation for traveling-wave optoelectronic devices, in particular,
traveling-wave photodetectors (TWPD’s), resulting in a scattering
matrix formalism, which can be used for passive as well as active
devices. A set of coupled distributed equivalent circuits is proposed
for modeling the device, taking into account the wanted detection
and spurious emission of light. A scattering matrix formalism
is established, predicting the performances of the device at mi-
crowaves, when a microwave signal is used either for modulating
the intensity of the optical power (forward detection mode) or
for biasing the p-i-n junction (reverse emission mode). Hence,
the obtained four-port device is nonreciprocal. Some symmetry
properties are induced by the physical symmetry of the device.
It has matched inputs, when symmetric electrical and optical
reference loads are used. The scattering matrix satisfies power
conservation laws. The formalism may be used to optimize the
designs of TWPD’s by varying the loads at each of the four ports.

Index Terms—Photodetectors, p-i-n, scattering matrix, traveling
wave.

INTRODUCTION

A N OPTICAL communications system is basically com-
posed of an electrooptical transducer , an optical

transmission line, and an opto-electrical transducer . At
the input, an electrical signal extending up to millimeter-wave
frequencies modulates the intensity of the optical carrier. The
output is demodulated by the transducer, and the electrical
signal is recovered.

This paper focuses on a specific transducer, the p-i-n
traveling-wave photodetector (TWPD) [1]–[4]. In TWPD’s, the
RF modulating envelope of the optical carrier and the RF pho-
togenerated signal travel with the same velocity toward the ac-
cesses of the device. They are not reflected if those accesses are
matched. Under such conditions, the bandwidth of TWPD’s is
limited only by microwave losses, which makes TWPD’s supe-
rior to vertically illuminated and waveguide photodetectors.

and devices are characterized either by a large- or
a small-signal analysis. Thelarge-signalanalysis considers the
optical signal from the carrier point-of-view, summing up two
vectors, for the optical carrier and modulation, respectively.
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For instance, an optical admittance matrix characterizes an
all-dielectric asymmetrical multilayered structure [5], and a
classical transformation yields the scattering matrix. However,
this -matrix is not adequate for characterizing or
transducers. It indeed requires a linear relationship between
the microwave and optical fields, which only exists between
optical power and biasing electrical current, provided that the
laser source operates in its linear range. This usually limits
the analysis to electrical modulating signals of relatively small
magnitude. Thesmall-signal approach considers the optical
signal from the modulation point-of-view only. It yields a vector
linear relationship between the microwave signal and alternate
component of the optical power, which is the modulated part of
the power magnitude. Contributions have been published using
this approach in time domain [6] and frequency domain [7];
however, without referring to an -matrix formalism. Curtis
and Ames [8] characterize a small-signal vector approach by
an -matrix; however, without considering the impedance level
at the ports.

To obtain a full four-port characterization, we first developed
an -matrix definition [9] for transducers and optical compo-
nents, which is fully compatible with the classicalmatrix [10].
In this paper, we show that our-matrix definition can be used
for modeling TWPD’s as four-, three-, or two-port. Adequate
distributed RF and optical equivalent circuits describe the for-
ward detection and the reverse emission mode
of the p-i-n line, acting as a four-port coupler having both an
electrical and optical port at each of its two physical accesses.
Vector relationships are established between the optical or RF
power quantities at each access. Using this formalism, several
three- and two-port configurations are investigated. A power
conservation relationship is derived for the four-port transducer.
Throughout this paper, the subscripts, , and RF are used to
designate electrical and optical quantities, and the modulation
of the optical carrier, respectively, to avoid ambiguity.

I. TOPOLOGY

Fig. 1(a) and (b) shows two typical geometries of TWPD’s,
consisting of a multilayered transmission line, whose layers in-
volve highly doped P and N zones, separated by an intrinsic
zone. The p-i-n junction is reverse biased at dc so that the in-
trinsic area is fully depleted, with a zero equivalent conductivity.
Microwave and optical propagation occur along the-axis. The
RF modulated part of the optical power intensity induces an
RF variation of the photogenerated current in the intrinsic area,
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(a) (b)

(c)

Fig. 1. Traveling-wave p-i-n phodetector topologies. (a) Mesa geometry. (b) Coplanar geometry. (c) Equivalent four-port configuration.

which is collected at the conductors and propagates along the
equivalent RF transmission line.

II. A SSUMPTIONS

The structures of Fig. 1(a) and (b) can be viewed as four-port
couplers [see Fig. 1(c)]. At each physical access of the photode-
tector, noted respectively as input (1) and output (2), two ports
are considered: electrical and optical , respectively. At
the electrical ports, i.e., and , an RF signal is either ap-
plied as a source or collected from the distributed RF photogen-
erated current source. At the optical ports, i.e.,and , the
baseband electrical RF signal modulating the optical power is
either applied as a source or collected from the distributed laser
effect. We consider indeed that a distributed laser emitting ef-
fect may occur when one of the accesses of the TPWD is fed by
an RF signal. Hence, the modulated part of light emission can
be collected at an optical port while only RF signals are feeding
the structure.

As a consequence, the two following modes of operation are
considered.

• The (wanted) forward mode: with a modulated optical
beam incident at the input of the TWPD and no baseband
electrical signals feeding its accesses. The modulated
optical power applied at is converted into an RF
current during its propagation over the length of the
device , while the unconverted optical fraction flows

into the equivalent load at , with an optical reflec-
tion coefficient . The distributed photogenerated
RF current splits into two parts traveling in opposite
directions. They are collected at and , respec-
tively, in loads having RF reflection coefficients and

, respectively.
• The (spurious) reverse mode: with only an RF signal ap-

plied at , inducing the propagation of an RF signal bi-
asing the distributed junction, which yields a progressive
modulation of the light emitted over the length of the de-
vice. The fraction of optical power emitted at each abscissa
of the length splits into two equal parts, traveling
each toward one access. They are collected ator , in
loads having optical reflection coefficients and ,
respectively.

These forward and reverse modes characterize the four-port
behavior once reference electrical and optical charges are de-
fined at each access. We assume that the TWPD is symmetric
with respect to the plane . This physical symmetry
induces some symmetry properties in the four-port scattering
matrix. However, the matrix is not symmetrical because the for-
ward detection and reverse emission modes are not reciprocal.

In practice, matched and open loads are considered. The
structure reduces to a three-port when port is open-ended
while port is optically matched. Moreover, when the output
of the TWPD acts as an open load at optical wavelengths, the
three-port coupler reduces to a classical two-port, either
or .
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The scattering matrix formalism derived in this paper is de-
fined as “intrinsic,” which means that the optical and RF feeders
are “matched sources.” From the RF point-of-view, reflections
at any fed access are due only to reflections along the length
of the structure or at another access. From the optical point-of-
view, the word “intrinsic” means that the optical coupling effi-
ciency is assumed equal to unity at each optical fed access: no
power of the feeding light beam is reflected. As a consequence,
the four-port -matrix satisfies input matching conditions at all
ports .

III. EQUIVALENT CIRCUITS FORFORWARD DETECTIONMODE

A. Transmission-Line Model for RF Power Modulating
Optical Power

1) Power Scattering Waves:The optical power resulting
from the modulation of an optical beam at frequencyby an
RF signal at frequency is the sum of two optical beams
and , having same intensity and polarization, operating at
frequencies and , respectively [11]. Noting and

, the electric fields corresponding to each optical signal, and
, the total electric field, yields

(1)

The total net optical power flowing through a transverse
plane in results from the integration of Poynting vector
as follows:

(2)

where is the transverse section of the equivalent line in ab-
scissa . The optical fields are assumed to have a quasi-TEM
behavior with a real characteristic impedance. Hence, after
calculations, the traveling optical power associated with the total
field is

(3a)

(3b)

with

(3c)

(3d)

(3e)

(3f)

where
constant function of the electron and hole equivalent
mass;
normalized Planck’s constant;
speed of light in vacuum;
optical refractive index of medium guiding optical
signal;
bandgap energy of the semiconductor considered.

The above linearizations are valid provided that the bandwidth
of the modulating RF signal (maximum 200–300 GHz) remains
small with respect to the optical carrier frequency (of the order
of 200 THz). Equations (3d) and (3e) illustrate the fact that the
microwave signal is submitted to the same optical steady-state
phenomena as the carrier [8], including modal, material, and
waveguide dispersion, as well as scattering and optical reflec-
tion from discontinuities that are of the order of the optical
wavelength. The RF part of (3b) is the optical power scattering
wave we defined in [9] for optical ports of and
transducers

(4)

The attenuation denotes the conversion of optical power into a
rate of generated carriers, as will be shown later.

2) Reflected Power Scattering Wave:Assuming a forward
optical field

with

(5)

the field reflected at a load in is a function of the various
frequency components of the forward field. Its two parts, at
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and , respectively, propagate toward the input with their
respective propagation constant

(6)

where is the optical reflection coefficient at the load. When
the bandwidth of the RF signal is small compared with the op-
tical frequency, which is the usual case, the load can be con-
sidered as nondispersive with a constant magnitude at optical
wavelengths, yielding

(7)

where is the group delay of the optical load. In that case, the re-
flected electric field (6) is rewritten using (7), and the total field

is used for deriving the total optical power , using
(3a) with subscripts “1” and “2” replaced by and , respec-
tively. Hence, extending definition (4), the total RF power scat-
tering wave is the combination of forward and reflected power
scattering waves

(8)

where

(9)

is the reflection factor relating and in with

propagation coefficient of power
scattering wave (4). The reflection coefficient is similar to that
obtained on a conventional transmission line.

B. Expression for RF Current Photo Induced in the p-i-n
Photodetector

1) Equation for Distributed Conversion: As usual
for photodetectors, we neglect diffusion and recombination
mechanisms. Each carrier current density is then proportional
to the product of the carrier density by its velocity, and the
well-known transport equations for electron and hole distribu-
tions simplify into

(10)

where are the rates of generated carriers, and their
saturation velocities, where subscriptsand refer to electrons
and holes, respectively. Since the optical powerresults from
the integration (2) of the power density, optical power density
scattering waves can be defined. The integral
of over the transverse section of the p-i-n line yields the
power scattering waves (8). The waves contribute to the rate
of photogenerated carriers per unit volume by means of the field
absorption coefficient , which expresses the decrease of
optical power due to carrier generation. Hence, it can easily
be shown that the rate of generated carriers per unit volume

(equal for electrons and holes because of conversion of photons
into electron–hole pairs) is

(11)

The velocities do not depend on position because the p-i-n junc-
tion is depleted and saturated. Hence, drift current occurs along
the -axis only: . Using (11), (10) then has
as general RF solution for electron and holes current densities
along the -axis

(12)

2) Distributed RF Photogenerated Current:The knowledge
of the transverse dependence of the optical power den-
sities yields the distribution of photogenerated current densities
(12) in the intrinsic area. The particular case of a Dirac impulse
in , uniform along the -axis in the intrinsic area, is often
considered as follows:

(13)

The total current collected at one of the electrodes results from
the integration in of the current densities (12) over
the width of the intrinsic area, which yields

(14)

where is the carrier transit time. When considering
small with respect to , yielding a zero equivalent transit
time, and for a structure having only a forward optical propa-
gation , (14) is in accordance with the equation
proposed by Hielata in [11] for uniform illumination. Obviously,
more complicated distributions can be taken into ac-
count in our model.

C. RF Infinitesimal Equivalent Circuit for Forward Detection
Mode

In each abscissa, we consider the photogenerated current
(14) as a source of current per unit length [12], [13]. It divides it-
self between the input impedances of the left-hand-side sec-
tion of length loaded by , and of the right-hand-side
section of length loaded by . Currents and volt-
ages at each electrical port can easily be expressed as a func-
tion of the source induced by an illumination over
infinitesimal length in abscissa , using a chain matrix for-
malism [12]

(15)
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where are the elements of the 2 2 inverse of the chain
matrix of the p-i-n line of length , while are the
elements of the 2 2 chain matrix of the p-i-n line of length.
We have established efficient formulations of transmission-line
parameters for each of the two p-i-n lines (Fig. 1) [13],
[14]. They are used here for the calculation of and

. Integrating the contributions of the infinitesimal source
finally yields voltage and current at

input and output electrical ports, respectively; hence, the RF
power delivered at each -port as follows:

(16)

Thus, the power delivered to the RF loads is expressed as a func-
tion of the current density (14) using (15); hence, as a function
of the power scattering waves .

IV. EQUIVALENT CIRCUITS FORREVERSEEMISSION MODE

A. Equivalent RF Impedance for Laser Junction

The equations governing the laser operation mode of the
diode are reported in [15]. We linearize them for obtaining their
RF parts as

(17a)

(17b)

with and electrons and photons densities, respectively,
RF biasing currrent, area of the junction, its

thickness, electron charge, normalized steady-state value
of minimum electron density required to obtain laser gain,
and normalized steady-state values of electron and photon
densities, respectively, andand lifetimes of electrons and
photons, respectively. Using those equations, the equation for
the RF equivalent impedance of the laser junction of
section is determined as in [15].

B. Equivalent Infinitesimal Circuit for RF Signal Biasing
Equivalent Laser Junction

The laser emission effect is introduced in the RF equivalent
circuit of the emission mode by adding the infinitesimal laser
admittance with the parallel infini-
tesimal admittance of the equivalent p-i-n RF transmission line.
Noting and , the RF parameters of the p-i-n photode-
tector taking this laser effect into account, andand those
computed for the nonemitting structure, we have

(18)

with

The emission mode is thus characterized by a line of length
, fed by an RF signal at frequency in abscissa ,

and loaded by an impedance in . The current and
voltage on this equivalent line are easily obtained from the clas-
sical transmission-line formalism for forward and reverse waves
as a function of the RF biasing voltage or current im-
posed at port with

(19)

describing the RF behavior of reflection coefficient of load at
port .

C. Modulated Part of the Emitted Optical Power

From (17a) and (17b), it is easy to deduce the relationship
between the RF variation of the photon density and
the biasing current per unit length . The relationship
between and the voltage across the diode is indeed

(20)

while (17b) yields a straightforward relationship between
and . Introducing (20) into (17b) and rearranging yields the
rate of photons

(21)

The infinitesimal equivalent source of RF modulation for optical
power emitted in is

(22)

where is the fraction of current responsible for the
laser effect, flowing into the impedance . It is propor-
tional to the total RF voltage ) traveling on the line

(23)

Inserting (23) in (21) finally yields the relationship between
the rate of generated photons and the RF voltage on the
p-i-n line; hence, between and , using (22). As-
suming that the modulated part of the emitted optical power
splits into two equal parts traveling in opposite directions, the
optical power at ports and results from the optical dis-
tributed source as

(24)
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where is the reflection coefficient associated with the RF
modulating part of the optical power at port . Integrating (24)
over yields the total power at input and output

(25)

V. SCATTERING MATRIX

A. Definition of Scattering Waves

Scattering waves are defined at optical and electrical ports
according to our definition [9].

1) Forward Photodetection Mode:Scattering waves at op-
tical ports are obtained from power scattering waves [see (8)
and –(9)] by terminating port by a reflection coefficient

, (9) measuring the effect on the RF modulating part of
optical power

(26)

The optical power transmitted at is the scattering wave
while the wave reflected at this port is the scattering

wave . The RF scattering waves at input and output are
obtained from voltages and currents and at those
accesses loaded by impedances and , respectively.
They are obtained by using (15) and (16), as explained in
Section III-C. At electrical ports and , they result from
the classical network theory [10].

2) Reverse Emission Mode:The RF scattering waves are de-
fined as usual. On the other hand, the modulated part (25) of
optical power induced by biasing RF current is the
outgoing optical scattering wave emitted at port supposed
to be optically matched . The forward term of (25)
taken at port is the power scattering wave reflected
at port , while the reverse term is the outgoing power scat-
tering wave emitted at port .

B. Scattering Matrix of the Four-Port Converter

The scattering matrix of the equivalent four-port transducer
[see Fig. 1(c)] is defined as

(27)

Each parameter is equal to the reverse scattering wave
obtained at port when feeding only port by a forward scat-
tering wave of unit magnitude, and matching all others ports

. As an example, is the reverse scattering wave
observed at when port is fed by a forward scat-

tering wave of unit magnitude, and when ports and
are matched. Due to the symmetry of the structures investi-

gated here, only eight parameters have to be determined: ,

, , , , , , and . As
stated in Section II, the four-port scattering matrix has partic-
ular properties resulting from physical symmetry with respect
to the plane . This symmetry implies that identical
reference loads have to be used at portsand , and ,
respectively, to ensure matching when calculating a specific.
Due to traveling mechanisms occuring on optical and electrical
paths, matching when is fed implies that
is matched. Hence, the scattering matrix is that of a matched
four-port .

1) Expressions for , , , and
: Those parameters are calculated assuming that

optical port is fed by a forward scattering wave of unit
magnitude and that no other forward scattering wave is present
as follows:

(28)

Also, port is matched or perfectly radiating so that no optical
power is reflected. Furthermore, reference impedances at ports

and must be equal to the RF characteristic impedance
. By doing so, the RF signals generated on the p-i-n line are

not reflected at the ports and the scattering wavesand
vanish. Hence, the reflection coefficient at port and
the transmission coefficient from to of modu-
lating power are

with (29)

resulting in . Similarly, the following conditions hold
at ports

(30)

which yields

with

(31)

2) Expressions for , , , and
: Those parameters are calculated assuming that

RF port is fed by a unitary electrical scattering wave
and that no other forward electrical and optical scattering wave
is present as follows:

(32)

At RF ports , conditions (30) and (32) must hold, which
implies . The reverse electrical parameters are

with (33)

resulting in . At optical ports , , conditions
(30) and (32) must hold, which implies to cancel
reflected power scattering waves, and , yielding the
reverse optical parameters

with

(34)
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3) Expressions for , , , , ,
, , : By virtue of the symmetry of geom-

etry and loads with respect to the plane , the other
coefficients of the -matrix (27) are obtained as

with (35)

C. Reduction to Scattering Matrices of Three-Port
Converter

The reduction of the four-port scattering matrix into a
three-port matrix describing the usual mode of operation of
TWPD’s is readily obtained by imposing that electrical port

is open . The scattering matrix of the equivalent
three-port transducer is then

(36)

The coefficients are obtained from previous expressions,
where condition is replaced by condition , and
condition is replaced by condition .
Expressions for coefficients not involved in (36) are irrelevant.
Another reduction occurs when optical port is open, with a
total reflection of optical beam at output, which yields

(37)

Coefficients of this three-port -matrix are also obtained from
previous expressions, where condition is replaced by
condition . Expressions for coefficients not involved
in (37) are irrelevant.

D. Reduction to Scattering Matrices of Two-Port
Converter

A further reduction combines the open-ended condition at
both optical port and RF port , yielding the two-port scat-
tering matrix of the converter

(38)

Coefficients of this two-port -matrix are again obtained
from previous expressions, where condition is
replaced by condition , condition by
condition , and condition by condition

. Definitions of coefficients not involved in (38) are
again irrelevant.

VI. V ALIDATION AND BANDWIDTH LIMITATIONS

A. Four-Port Configurations

1) Infinitely Long TWPD: Fig. 2 shows the nonzero param-
eters of the scattering matrix for a mesa TWPD with the config-
uration proposed by Hielata [11]. The device is of GaAs type,
with a length m. The width of its intrinsic area
is 2 m, and its thickness 3.17m. The wavelength of optical
carrier is 1.06 m, and the field absorption coefficient is
50 cm . The device is very long, and the TWPD can be con-
sidered as infinitely long, as in [11]. The illumination mode is
uniform, which means in (14). It is further assumed
that RF losses are negligible, characteristic impedance of the
TWPD is 50 , and the electrical ports and are loaded
by 50

(39)

Output is assumed to be optically matched: .
The structure is thus depicted by the four-port configuration dis-
cussed in Section V-B. Fig. 2 shows results calculated with our
model. Fig. 2(a) shows the optical transmission between ports

and . Due to the very long structure, most of the mod-
ulated optical power is converted into electrical currents along
the length, and the residual fraction of optical power incoming
at port is very small. It varies slowly with frequency, con-
firming the fact that the frequency dependence of the field ab-
sorption coefficient is negligible over bandwidths smaller than
300 GHz. Fig. 2(c) shows the scattering parameters and

(31) expressing the conversion. They are compared
with the scattering parameter associated to an “ideal” photode-
tector (curve noted “ideal PD”), in which delays induced by op-
tical and RF propagation are neglected, as well as carrier transit
times in the structure. Thus, the photogenerated current at output

is given by the simplified balance equation

(40)

which yields the of the ideal PD

(41)

The figure shows that the ideal conversion is wide band,
as well as the conversion between ports and

. This is because velocity matching is achieved between the
RF modulation and photogenerated RF signal: the phases of this
conversion scattering parameter [see Fig. 2(g)] and of the op-
tical transmission factor [see Fig. 2(e)] are identical over
the whole frequency range. Since theand signals travel in
the same direction at the same velocity, a constructive interfer-
ence occurs along the line between RF signals generated ear-
lier on the line and those photogenerated in abscissa, yielding
no bandwidth limitation. This is not the case, however, for the
fraction of photogenerated signal, which travels in the opposite
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 2. Relevant parameters of four-port scattering matrix for a GaAs TWPD
(L = 500 �m, width of intrinsic area 2�m, thickness 3.17�m, wavelength
of optical carrier 1.06�m, field absorption coefficient 50 cm ). (a) Magnitude
ofO=O transmission (S ). (b) Magnitude ofE=E transmission (S ).
(c) Magnitude ofO=E conversion [S (—), (S ) (- -)]. (d) Magnitude
of E=O conversion [S (—), (S ) (- -)]. (e) Phase ofO=O
transmission (S ). (f) Phase ofE=E transmission (S ). (g) Phase of
O=E conversion [S (—), (S ) (- -)]. (h) Phase ofE=O conversion
[S (—), (S ) (- -)].

direction toward input : destructive interference occurs when
frequency increases because of the increasing phase shift be-
tween the two signals, and the bandwidth of decreases
[see Fig. 2(c)].

Concerning the reverse emission mode, the laser effect is of
very low intensity since the conversion observed between
port and optical ports and is very
small [ see Fig. 2(d)]. As a consequence, the RF transmission
line is similar to an almost lossless matched transmission line,
with nearly zero input reflection coefficient ( , not shown)
and nearly perfect transmission [see in Fig. 2(b)]. The

Fig. 3. Total RF power at output of TWPD in specific configuration [11,
Fig. 4], computed by our four-port scattering model with�(! ) = 5 cm
(solid), 15 cm (dashed),50 cm (dot-dashed) and500 cm (dotted),
and two different load conditions at input electrical portE1: matched (lower
curves) and open-circuit (upper curves).

slight decrease in magnitude is due to the losses induced by the
weak laser emission effect. A destructive interference is also ob-
served on because of RF signal and modulated optical
power traveling in opposite directions. The frequency behavior
of the scattering parameters and is in accor-
dance with that observed by Hielata. The validity of our model is
illustrated in Fig. 3, showing the total RF power resulting from

conversion, computed for four values of , ,
, and cm . The model yields the total RF power col-

lected at the electrical ports, defined as

(42)

Our results (lower curves in Fig. 3) perfectly agree with those by
Hielata [11, Fig. 4]. At low frequencies, the total conver-
sion (42) is 12.6 dB and exhibits a 3-dB drop when compared
to the 15.6 dB of the ideal case [ see Fig. 2(c)]. This is because
only half the total photogenerated current is collected in each
port and . At high frequencies, the total O/E conversion
(42) undergoes a rolloff phenomenon induced by the behavior
of [see Fig. 2(c)], which is due to destructive interfer-
ences. Again magnitude, slope, and dependence with respect to

calculated with our model confirm those by Hielata.
2) Conservation Law for the Four-Port-Matrix of a De-

tector: The scattering parameters of microwave passive loss-
less four-port obey the conservation law

(43)

Multiplying (43) by yields

(44)

For an detector, a conservation law occurs only between
optical power and photogenerated electrical current, which are
related by a conversion factor , as seen in (14) for the
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(a) (b)

(c) (d)

Fig. 4. Scattering parameters of a three-port, with configuration as in Fig. 2
(L = 500 �m), except for1=Z = 0. (a)S . (b)S . (c)S .
(d) [S (—), (S ) (- -)].

TWPD case and (40) for the ideal case. As a consequence, a
hybrid balance equation can be written between the infinitesimal
power scattering wave and the electrical current (14)

(45)

where and are the fractions of current (14)
flowing into input impedances and , respectively. If the
TWPD is electrically short, the total current collected at each
electrical port is simply proportional to the length of the TWPD.
The integrated equations between the power scattering wave and
the electrical waves then yield

(46)

Adequate equations for the three- and two-port configurations
are easily deduced by cancelling the irrelevant scattering param-
eters in (46). We have calculated the value of the right-hand side
of (46) for the various four-, three-, and two-port configurations.
It is in the range 0.999 : 1 for lossless cases, which confirms the
validity of the conservation law (46).

B. Three-Port Configurations

Fig. 4 shows scattering-parameter magnitudes of the
three-port configuration defined in Section V-C. The TWPD is
very long as in Section VI-A.1. However, theinput electrical
port is left open. For the emission mode, it is obvious that
the reflection coefficient has a magnitude close to one
because of the open end , with a slight decrease along the
line due to the losses induced by the weak laser emission effect.
A standing wave pattern occurs along the electrical path, which
implies that the optical power is emitted with the same phase
along the line. Hence, no destructive interference occurs, and
integrating along the length yields scattering parameters
and of equal magnitude [superimposed in Fig. 4(d)].

(a) (b)

(c) (d)

Fig. 5. Scattering parameters of two-port, with configuration as in Fig. 2,
except forL = 50 �m, � = 0, and1=Z = 0. (a)S . (b)
S . (c) S . (d) S .

For the conversion, the photogenerated RF signal trav-
eling toward the input is totally reflected at , and finally col-
lected at , yielding as the sum of the forward and
reflected signals. At low frequencies, no destructive interfer-
ence occur, and RF photogenerated voltages and currents are
in phase at output, yielding ideal conversion. At higher fre-
quencies, is close to the sum of square magnitudes of

and of the matched case depicted in Fig. 2(c),
and decreases rapidly with frequency, as of the
matched case. This is also observed on the conversion [see
Fig. 4(d)]. The behavior of is in accordance with [11]
for the same three-port configuration. The total RF power (42),
computed using our three-port formalism with the four same dif-
ferent values of , is identical in this case to the sole . It
shows again a perfect agreement (Fig. 3, upper curves) with pre-
viously published results [11]. At low frequency, the total
conversion is 15.6 dB, as in the ideal case. At high fre-
quency, the total RF power has the same magnitude, slope, and
dependence to, as in [11, Fig. 4]. The rolloff is due to the de-
crease with frequency of , illustrated in Fig. 4(c).

When a length reduction occurs in this three-port configura-
tion ( m), conversion is only partial, the emis-
sion parameters are lower, and minima occur in while
they are shifted in , due to dependence of interferences
on length. Resulting bandwidth is 350 GHz.

C. Two-Port Configurations

Fig. 5 shows the scattering parameters of the two-port config-
uration defined in Section V-C. As a matter of fact, it combines
the two three-port configurations (36) and (37). The TWPD
is again as in Section VI-A.1 (Fig. 2), except that bothelec-
trical port and optical port are open and the length is
reduced by a factor of ten( m). This length re-
duction is necessary to see the effect of the open-ended load
because the optical power is almost totally converted over a
500- m length before reaching the reflective load at. The
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four relevant parameters are shown in magnitude only. The pa-
rameter relevant for the optical path is now the input reflection
coefficient at port . It has a nonnegligible magnitude
since a significant part of the optical beam reaches the reflective
load at port , and travels back toward , while being par-
tially absorbed. Since the optical power travels twice along the
length, more power is absorbed and converted. As expected, the
total power delivered to the output [see Fig. 5(c)] is larger
than in Fig. 2(c): it simultaneously takes advantage of the fact
that reflected optical beam and photogenerated RF power travel
twice in the device. The 3-dB bandwidth of is reduced
(300 GHz) with respect to the corresponding four-port matched
case m (450 GHz). This is in accordance with
the general property that reflections in a transmission line limit
the frequency bandwidth of the line. The observed bandwidth is
comparable, however, to that of the previous three-port configu-
ration with m (350 GHz). The present configuration
has the advantage that the power delivered to outputis larger.

VII. CONCLUSION

In this paper, a complete distributed-matrix characteriza-
tion of mesa p-i-n TWPD’s has been presented. It is valid for
active as well as passive devices, reciprocal or not. Distributed
equivalent circuits are first established. They take into account
transmisssion-line parameters, modeling simultaneously the
wanted detection and spurious emission of light inside of the
device. Based on those circuits, a 4 4 scattering matrix
formalism has been derived. It is used to predict the perfor-
mances of the device. This scattering matrix formalism can be
used to yield an efficient optimization tool; for instance, for
maximizing the bandwidth of TWPD’s, by varying the type of
loads at each of the four ports of the device. This will be shown
in a forthcoming paper, as well as other bandwidth limiting
effects such as the finite carrier transit time and RF losses in
the device.
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