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A Four-Port Scattering Matrix Formalism for p-i-n
Traveling-Wave Photodetectors
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Abstract—This paper presents a full four-port characteri- For instance, an optical admittance matrix characterizes an
zation for traveling-wave optoelectronic devices, in particular, all-dielectric asymmetrical multilayered structure [5], and a
traveling-wave photodetectors (TWPD's), resulting in a scattering ¢|5ggical transformation yields the scattering matrix. However,
matrix formalism, which can be used for passive as well as active _, . . S
devices. A set of coupled distributed equivalent circuits is proposed this S-matrix is not adequatg for chgracterlz@jO or_ O/E
for modeling the device, taking into account the wanted detection transducers. It indeed requires a linear relationship between
and spurious emission of light. A scattering matrix formalism the microwave and optical fields, which only exists between
is established, predicting the performances of the device at mi- gptical power and biasing electrical current, provided that the
crowaves, when a microwave signal is used either for modulating laser source operates in its linear range. This usually limits

the intensity of the optical power (forward detection mode) or th vsis to electrical dulati . Is of relativel I
for biasing the p-i-n junction (reverse emission mode). Hence, (N€ analysis 1o eiectrical modulating signais ot relalively sma

the obtained four-port device is nonreciprocal. Some symmetry Magnitude. Thesmall-signalapproach considers the optical
properties are induced by the physical symmetry of the device. signal from the modulation point-of-view only. It yields a vector

It has matched inputs, when symmetric electrical and optical |inear relationship between the microwave signal and alternate
reference_loads are used. The_ scattering matrix satlsfl_es_ power component of the optical power, which is the modulated part of
conservation laws. The formalism may be used to optimize the th itude. Contributi h b blished usi
designs of TWPD'’s by varying the loads at each of the four ports. _epower mag_nl u e.Lon r'_ utions have been publis e_ using
_ ] ] ) this approach in time domain [6] and frequency domain [7];

Index Terms—Photodetectors, p-i-n, scattering matrix, traveling however, without referring to a§-matrix formalism. Curtis
wave. ’ . :

and Ames [8] characterize a small-signal vector approach by

anS-matrix; however, without considering the impedance level

INTRODUCTION at the ports.

N OPTICAL communications system is basically com- To obtain a full four-port characterization, we first developed
posed of an electrooptical transdu¢é#/O), an optical an S-matrix definition [9] for transducers and optical compo-

transmission line, and an opto-electrical transdyefE). At nents, which is fully compatible with the classic¢aiatrix [10].
! \) this paper, we show that o-matrix definition can be used

the input, an electrical signal extending up to millimeter-wa deling TWPD' ; th ) . Ad ¢
frequencies modulates the intensity of the optical carrier. THY MOdelng S as four-, three-, or two-port. Adequate
outputis demodulated by ti2/ E transducer, and the electrical istributed RF and optical equivalent circuits describe the for-
signal is recovered ' ward detectionO/E) and the reverse emission mo@g/O)

y of the p-i-n line, acting as a four-port coupler having both an

This paper focuses on a specifit/ E transducer, the p-i-n . . . .
traveling-wave photodetector (TWPD) [1]-[4]. In TWPD's, th electrical and optical port at each of its two physical accesses.
: ector relationships are established between the optical or RF

RF modulating envelope of the optical carrier and the RF ph - . . !

togenerated signal travel with the same velocity toward the #&;wer quantities at each_access. Usmg_thls f(_)rmallsm, several

cesses of the device. They are not reflected if those accessed R anc_i two—pqrt conflguratl_ons are investigated. A power

matched. Under such conditions, the bandwidth of TWPD,Sﬁnservatmn rfelatlonshlp is derlveq for the four-port transducer.

limited only by microwave losses, which makes TWPD's supe- rpughout this paper, the s'ubscruﬂs.O_, and RF are used to_

rior to vertically illuminated and waveguide photodetectors. deS|gnatQ electrlc_al and optl_cal quantltlgs, and_ the modulation
L /O andO/E devices are characterized either by a large- &f the optical carrier, respectively, to avoid ambiguity.

a small-signal analysis. THarge-signalanalysis considers the

optical signal from the carrier point-of-view, summing up two

vectors, for the optical carrier and modulation, respectively. |. TOPOLOGY

Fig. 1(a) and (b) shows two typical geometries of TWPD's,
consisting of a multilayered transmission line, whose layers in-
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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 into the equivalent load aD2, with an optical reflec-
equivalent RF transmission line. tion coefficient I'o2. The distributed photogenerated
RF current splits into two parts traveling in opposite

directions. They are collected &1 and E2, respec-

Il. ASSUMPTIONS tively, in loads having RF reflection coefficienfs;; and

. . I" g2, respectively.
The structures of Fig. 1(a) and (b) can be viewed as four-port , The (spurious) reverse madsith only an RF signal ap-

couplers [see Fig. 1(c)]. At each physical access of the photode- plied atE2, inducing the propagation of an RF signal bi-
tector, noted respectively as input (1) and output (2), two ports  aging the distributed junction, which yields a progressive
are considered: electricals) and optical0), respectively. At modulation of the light emitted over the length of the de-
the electrical ports, i.e£1 and £2, an RF signal is either ap- vice. The fraction of optical power emitted at each abscissa
plied as a source or collected from the distributed RF photogen- ¢ e length Ly, splits into two equal parts, traveling
erated current source. At the optical ports, i&l,andO2, the each toward one access. They are collectéliair O2, in
baseband electrical RF signal modulating the optical power is 555 having optical reflection coefficients, and['os,
either applied as a source or collected from the distributed laser respectively.
effect. We consider indeed that a distributed laser emitting ef-These forward and reverse modes characterize the four-port
fect may occur when one of the accesses of the TPWD is fed g¥havior once reference electrical and optical charges are de-
an RF signal. Hence, the modulated part of light emission caeq at each access. We assume that the TWPD is symmetric
be collected at an optical port while only RF signals are feediggn, respect to the plane = L,;,/2. This physical symmetry
the structure. induces some symmetry properties in the four-port scattering
As a consequence, the two following modes of operation &kgatrix. However, the matrix is not symmetrical because the for-
considered. ward detection and reverse emission modes are not reciprocal.
« The (wanted) forward modewvith a modulated optical In practice, matched and open loads are considered. The
beam incident at the input of the TWPD and no basebasttucture reduces to a three-port when pgit is open-ended
electrical signals feeding its accesses. The modulatetiile portO2 is optically matched. Moreover, when the output
optical power applied at’1 is converted into an RF of the TWPD acts as an open load at optical wavelengths, the
current during its propagation over the length of théhree-port coupler reduces to a classical two-port, ei€hek
deviceL,,,, while the unconverted optical fraction flowsor E/O.
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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 Aa 2 a(wo + wrr) — a(wo)

at any fed access are due only to reflections along the length o

of the structure or at another access. From the optical point-of- = onl  wt

view, the word “intrinsic” means that the optical coupling effi- wo

ciency is assumed equal to unity at each optical fed access: no hK?

power of the feeding light beam is reflected. As a consequence, - W‘“rf (3d)

the four-portS-matrix satisfies input matching conditions at all
ports(S;; = 0).

AB 2 Blwo + wit) — Blwo)
I1l. EQUIVALENT CIRCUITS FORFORWARD DETECTION MODE

ap
A. Transmission-Line Model for RF Power Modulating T G
Optical Power
i . ) NoWrt
1) Power Scattering WavesThe optical power resulting =— (3e)

from the modulation of an optical beam at frequerfeyby an ¢

RF signal at frequency,; is the sum of two optical bean’d

and P, having same intensity and polarization, operating at

frequencieso and fo + fir, respectively [11]. Notingz; and alw) =K <h_w> - E, (3f)
E,, the electric fields corresponding to each optical signal, and 2mq

E, the total electric field, yields
where

— - = K constant function of the electron and hole equivalent
Eo(@,y.2) = Ex(2,y,2) + Ea(w.,2) s, q
= Eo(z,y)eiwotei0wo)zmalwo)z h  normalized Planck’s constant;
c speed of light in vacuum;
no optical refractive index of medium guiding optical

X e —(y(mo—l—wr[)z (1) Signall

E, bandgap energy of the semiconductor considered.

The total net optical poweF, flowing through a transverse The above linearizations are valid provided that the bandwidth
plane inz results from the integration of Poynting vecigy, ©f the modulating RF signal (maximum 200-300 GHz) remains

+ E'O(J;7 y)cj(“"o'i'“"rf)te—j,@(wo Tent)z

as follows: 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

FPolz) = Re{/ASO(x v %) dA} phenomena as the carrier [8], including modal, material, and

1 waveguide dispersion, as well as scattering and optical reflec-
= Re {—/ {E_o(a:,y,z) x Ho (.1, z)} ~a—ZdA} tion from discontinuities that are of the order of the optical
2/a wavelength. The RF part of (3b) is the optical power scattering
@) wavep(z) we defined in [9] for optical ports of’/O andO/E

. _ _ .. transducers
where A is the transverse section of the equivalent line in ab-
scissaz. The optical fields are assumed to have a quasi-TEM put(2) = Ppe 20(wo)z o~ Aatiagz 4)

behavior with a real characteristic impedan¢e. Hence, after
calculations, the traveling optical power associated with the toteihe attenuation denotes the conversion of optical power into a

field is rate of generated carriers, as will be shown later.
1 2) Reflected Power Scattering WavAssuming a forward
Po(z) =Re {5/ n|E1 + Es)? dA} (3a) optical field
A

2 2 E+ T, Y,z :E+ z, eijtG_"/Oz 1+ejwrrt6—A’YZ
= POG_Q‘X(‘“'O)‘{l + 72 cos(wyst — Aﬁz)} (.9, 2) ol@.y) ( )

(3b)  with
with Yo = ao + jBo
o = a(wo) + jBwo)
Fo = /477|Eo|2 -dA Ay =Aa+jAj3 (5)

s [ o 71 3 the field reflected at a load iny, is a function of the various
o\L, Y (3¢) frequency components of the forward field. Its two parts,@at
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andwo +w,, respectively, propagate toward the input with theifequal for electrons and holes because of conversion of photons
respective propagation constant into electron—hole pairs) is

FE (ai,y, Z) ' Gn,p(wrf) — O;ng) (8;’; + S;f) (11)
— Eg(a:, y)e]wot{ro(w())ef"/ozfd e~ vo(zr—2) wWo
Jentt —(Avbro)er The velocities do not depend on position because the p-i-n junc-
+Llo(wo +w)e’™ e tion is depleted and saturated. Hence, drift current occurs along
c*<m+70><zﬁz>} (6) thez-axis only:v,, = v,. = 0. Using (11), (10) then has
as general RF solution for electron and holes current densities
wherel'o is the optical reflection coefficient at the load. Wheryjong thez-axis
the bandwidth of the RF signal is small compared with the op-

tical frequency, which is the usual case, the load can be con; (w,) = — U p [(wo) [ hwo] X /ejwrf(l‘—q;’)/'vn,})

sidered as nondispersive with a constant magnitude at optical

wavelengths, yielding X{S;;(wrﬁx/) 1 sr_f(wrf,x’)}da:’. (12)
Tor(w) 2 |Fop |e/¢or—en (7)  2) Distributed RF Photogenerated CurrenThe knowledge

of the transverse dependertig(x, i) of the optical power den-
ities yields the distribution of photogenerated current densities
12) in the intrinsic area. The particular case of a Dirac impulse

wherer is the group delay of the optical load. In that case, the re
flected electric field (6) is rewritten using (7), and the total fiel
E:)r + EO IS useq for“d?nwng“trle total optical powgp, using in z = 0, uniform along they-axis in the intrinsic area, is often
(3a) with subscripts “1” and “2” replaced by and—, respec- onsidered as follows-

tively. Hence, extending definition (4), the total RF power scaf’ '

tering wave is the combination of forward and reflected power So(z,y) = (Po/diw)6(x). (13)

scattering waves
The total current collected at one of the electrodes results from

pee(2) 2 p(2)—p5(2) = ph(2) {1—1} LeQW(Z—ZL)} (8) the integration in: = Ly, /2 of the current densities (12) over
the widthd,,, of the intrinsic area, which yields

j(z, UJrf) = (J[a(w())/hwo] (ejwrr‘rn/Q ejwrr‘rp/Q)
X [pf(wir 2) + pp(wrr, 7)) (14)

1S the reflection factor relating’; andpy; in = = 2, with wherer,, ,, is the carrier transit time. When considerifg,,
%t = 2a(wo) + Aa + jAS propagation coefficient of power small with respect ta, ,, yielding a zero equivalent transit
scattering wave (4). The reflection coefficient is similar to thatme, and for a structure having only a forward optical propa-
obtained on a conventional transmission line. gation(p,; = 0), (14) is in accordance with th@/F equation
proposed by Hielatain [11] for uniform illumination. Obviously,
more complicated distributionSo(«, %) can be taken into ac-
count in our model.

where

Iyp 2 ICor|?edex™ 9)

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

1) Equation for DistributedO/E Conversion: As usual
for photodetectors, we neglect diffusion and recombinatids RF Infinitesimal Equivalent Circuit for Forward Detection
mechanisms. Each carrier current density is then proportiofiépde
to the product of the carrier density by its velocity, and the |n each abscissa, we consider the photogenerated current
well-known transport equations for electron and hole distribyi 4) as a source of current per unit length [12], [13]. It divides it-

tions simplify into self between the input impedancésg of the left-hand-side sec-
on _ tion of lengthz loaded byZ; g1, andZ,, of the right-hand-side
il Infq+ Gn ==V - (n0,) + Gy section of lengtt{ L,.i, — z) loaded byZ;, ». Currents and volt-
dp _ ages at each electrical port can easily be expressed as a func-

g = TV /et Gy ==V )+ Gy (10) tion of the sourcej(z,w) dz induced by an illumination over

where@,, , are the rates of generated carriers, ang their infinitesimal lengthdz in abscissa, using a chain matrix for-

saturation velocities, where subscriptandyp refer to electrons malism [12]

and holes, respectively. Since the optical poWgrresults from AVisout = |:T1 Limout Zin (2, et ) Zowt (2, wir)
the integration (2) of the power density, optical power density

scatterlng Wavesﬁ(wrf,x y,z) can be defined. The integral + Tmin,outZout,in(z,wrf)}

of s over the transverse section of the p-i-n line yields the . :
powér scattering waves (8). Thg waves contribute to the rate X gz we) d2[(Zin + Zow)

of photogenerated carriers per unit volume by means of the field Alinout = [Tan,outZin(Z, we) Zout (7, wer)
absorption coefficient(we ), which expresses the decrease of
optical power due to carrier generation. Hence, it can easily T TQ?i“7°“*‘Z"“t:i“(z’wff)}

be shown that the rate of generated carriers per unit volume X J(z,wer) dz/(Zin + Zout) (15)
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whereT};;, are the elements of the2 2 inverse of the chain with
matrix of the p-i-n line of lengtliL i, — z), while T} o, are the 7 P
elements of the % 2 chain matrix of the p-i-n line of length. = Ywer) Ze(wne)

We have established efficient formulations of transmission-line Y = y(wit)/Zc(wrt).

parametersy, Z for each of the two p-i-n lines (Fig. 1) [13], The emission mode is thus characterized by a line of length
[14]. They are used here for the calculation®f i, o and L, fed by an RF signal at frequency; in abscissa = Ly,
Zin,out- INtegrating the contributions of the infinitesimal sourceolr‘]d loaded by an impedanég ; in z = 0. The currentl and
J(z,w) dz finally yields voltageVi,ou and currentlinou: at  \ojtage on this equivalent line are easily obtained from the clas-
input and output electrical ports, respectively; hence, the Rfq transmission-line formalism for forward and reverse waves
pOWer P ¢ delivered at eacl-port as follows: as a function of the RF biasing volta@&:» or current/x, im-

Lyin osed at por2 (» = L;,) with
‘/in,out :/ d‘/}n,out(z) dZ, p p ( : )
0

Z - Zc as
Lyin I = EEL S (19)
v ZLEl + chas
Iin,out = d-[in,out(z) dz . . . ..
0 describing the RF behavior of reflection coefficient of load at
1
Pforw rfin,out — 5‘/in,out-[i*n7out- (16) port EL.

Thus, the power delivered to the RF loads is expressed as a ffac-Modulated Part of the Emitted Optical Power
tion of the current density (14) using (15); hence, as a functionFrom (17a) and (17b), it is easy to deduce the relationship
of the power scattering wav¢$}’7-. between the RF variatiof,tny,, Of the photon density and
the biasing current per unit lengtf;as(w.r). The relationship
IV. EQUIVALENT CIRCUITS FORREVERSEEMISSION MODE betweem and the voltage(w,) across the diode is indeed

A. Equivalent RF Impedance for Laser Junction n = (15 /qRa)v(wes) = (75 /qRa) Zias(wet Yibias(wee)  (20)
The equations governing the laser operation mode of tm

diode are reported in [15]. We linearize them for obtaining theérn lle (17b) yields a straightforward relationship betwegy

dn. Introducing (20) into (17b) and rearranging yields the

RF parts as rate of photongj,n
- n Nph (N - Nrn,) .
Jwetn + 7'_5 + T—Sn + Tnph gph(wrf) = JWrfNph
. = T s s R
. 'Lbias(wrf) (17a) (Jw £7 /q d)
- ad . /3 Nph
q Zlas(wrf)zbias (wrf) —+ —
X Ts T (21)
jw Non - Tiph - [32 _ NPhTL _ (N - Nrn)n . jwrf + ! — M
AT Tph Ts Ts Tph P ph p
=0 (17b) The infinitesimal equivalent source of RF modulation for optical

with » andngy, electrons and photons densities, respectivel@?wer emitted in is

ivias(wrr) RF biasing currrentg area of the junctiondin. its dper(wat, 2) = (Linte dinerYhwo gpn(wer) (22)
thicknessg electron chargely,,, normalized steady-state value ) ) ) ]

of minimum electron density required to obtain laser gaih, WNer€iias(w:r) is the fraction of current responsible for the
and N,,;, normalized steady-state values of electron and photliser effect, flowing into the impedaneg (w:). Itis propor-
densities, respectively, and andr,,;, lifetimes of electrons and tional to the total RF voltag¥.(z) traveling on the line

photons, respectively. Using those equations, the equation for ivins (Wee) = Viev(2) /Zias (wie)- (23)
the RF equivalent impedand@.(w.t) of the laser junction of ] . . . . ]
section(Lpin Lini:) is determined as in [15]. Inserting (23) in (21) finally yields the relationship between

the rate of generated photops, and the RF voltage on the
B. Equivalent Infinitesimal Circuit for RF Signal Biasing p-i-n line; hence, betweedp,; and V,.,(2), using (22). As-
Equivalent Laser Junction suming that the modulated part of the emitted optical power

The laser emission effect is introduced in the RF equivalefR!its into two equal parts traveling in opposite directions, the

circuit of the emission mode by adding the infinitesimal laséPtical power at port®)1 and 02 results from the optical dis-
admittancel /2., = 1/LpinZi1as (wrr) With the parallel infini-  ibuted sourcelp.(w:r, z) as

tesimal admittance of the equivalent p-i-n RF transmission line. _dpe(wir, ) jags

Noting .s and Z.s, the RF parameters of the p-i-n photode- dp1as 01 = 9 ¢

tector taking this laser effect into account, apdnd Z.. those x [1 _ FrfOQC_jQA'g(LPiD_Z)} dz
computed for the nonemitting structure, we have

d T wr ,Z i P
Vas = V Z[Y + 1/ 2] dpraso2 = %6 801 — Ty o) dz
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wherel’;; o is the reflection coefficient associated with the RE o201, Sg201, SEL01, SO1E2, SO2E2, SE2E2, aNASE1E2. AS
modulating part of the optical power at péi2. Integrating (24) stated in Section Il, the four-port scattering matrix has partic-

over z yields the total powepy,;s 01,02 at input and output ular properties resulting from physical symmetry with respect
Lpin to the planer = L,,;,/2. This symmetry implies that identical
Plas 01,02 = / dpras 01,02(2) dz. (25) reference loads have to be used at paltsand£2, O1, andO2,
0

respectively, to ensure matching when calculating a spesific
Due to traveling mechanisms occuring on optical and electrical
V. SCATTERING MATRIX paths, matchingz/O, when E/O; is fed implies that®/0;
is matched. Hence, the scattering matrix is that of a matched
_ _ ) _ four-port(S;; = 0).
Scattering waves are defined at optical and electrical portsl) Expressions  for Soio1, Soso1, Sgeo1, and
according to our definition [9]. _ Spio1: Those parameters are calculated assuming that
1) Forward Photodetection ModeScattering waves at op- optical portO1 is fed by a forward scattering wave,; of unit

tical ports are obtained from power scattering waves [see (@hgnitude and that no other forward scattering wave is present
and —(9)] by terminating porO2 by a reflection coefficient 5 follows:

I'.r o2, (9) measuring the effect on the RF modulating part of
optical power ao1 =1 ap2 =ag =ags = 0. (28)

A. Definition of Scattering Waves

atorwor = p(0) = Po Also, portO2 is matched or perfectly radiating so that no optical

~2%:0 Lpin _ (26) Power is reflected. Furthermore, reference impedances at ports
E1 and £2 must be equal to the RF characteristic impedance

The optical power transmitted &2 is the scattering wave Z_. By doing so, the RF signals generated on the p-i-n line are

brorw 02 While the wave reflected at this port is the scatteringot reflected at the ports and the scattering waygsanda g,

waveag,w o2- The RF scattering waves at input and output akgnish. Hence, the reflection coefficiefib: o1 at portO1 and

obtained from voltages and curreMs ... and/;, oy atthose the transmission coefficierfinso; from O1 to O2 of modu-

accesses loaded by impedanéag:; and Z; g2, respectively. |ating power are

They are obtained by using (15) and (16), as explained in

Section [1I-C. At electrical port€r1 and £2, they result from Sorol = brorwor , withk = 1,2 (29)

the classical network theory [10]. HorwO1 |T ¢ 5,=0

2) Reverse Emission Modethe RF scattering waves are deresylting inSo; 01 = 0. Similarly, the following conditions hold

fined as usual. On the other hand, the modulated part (25)ffportsE1, E2

optical power induced by biasing RF currept,s(w,¢) is the

outgoing optical scattering wave emitted at port supposed Zrpl = Zrp2 = Ze (30)

to be optically matched'.so1 = 0). The forward term of (25) . )

taken at porD2 is the power scattering wave.. o, reflected Which yields

at portO2, while the reverse term is the outgoing power scat- Diorw Ek

: . Soro = —— 2R withk =1,2
2. ELO1
tering waveb,., o2 emitted at porQD AforwOl [T, ;00 =0, 27 pr=Ze ’ ’

B. Scattering Matrix of the Four-Po®/E Converter (31)
The scattering matrix of the equivalent four-port transducer 2) Expressions for Soeg2, Soig2, Sgee1. and

[see Fig. 1(c)] is defined as Sk1g1: Those parameters are calculated assuming that
RF port 2 is fed by a unitary electrical scattering waweg-

bfoerl = pr_f(o) = Frf 02-POC

b a . . .
bg; _ ag; and that no other forward electrical and optical scattering wave
b = S4_port is present as follows:
El aE1
b2 g2 apz =1 ao1 =ao2 =ap1 =0. (32)

S S S S, a
OLoL iotoz 2 oLEL oLk ot At RF portsE1, E2, conditions (30) and (32) must hold, which

A | So201 So202 So2er Sozez | | ao2 el o " ctonl t
Spio1 Smio: Smmi Spips | | am impliesI'z; = 0. The reverse electrical parameters are
Sgro1 Se202 SpeE1 Se2e2l Lap: b
V2 .
(27) Sprp = ——— ) with &k = 1,2 (33)
QrevE2 Tg1=0

Each paramete$;; is equal to the reverse scattering wave resulting inSg2z, = 0. At optical portsO1, 02, conditions
obtained at port when feeding only porj by a forward scat- (30) and (32) must hold, which impliddsc2 = 0 to cancel
tering waven; of unit magnitude, and matching all others portgefiected power scattering waves, aigy = 0, yielding the
(i # j). As an example5 201 is the reverse scattering wavereverse optical parameters

b2 Observed at'2 when portO1 is fed by a forward scat-

tering waveao,; of unit magnitude, and when port82 and g, ..o = Spopr = brevor ’ with k =1, 2.
E1 are matched. Due to the symmetry of the structures investi- OrevE2 |y 55=0,T 51 =0

gated here, only eight parameters have to be determtagd;; , (34)
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3) Expressions folSpsk1, So2E2, SE2E1L, SE2E2, SO101, VI. V ALIDATION AND BANDWIDTH LIMITATIONS
So102, Se101, Se102: By virtue of the symmetry of geom-

. A. Four-Port Configurations
etry and loads with respect to the plane= L,;,/2, the other g

coefficients of theS-matrix (27) are obtained as 1) Infinitely Long TWPD: Fig. 2 shows the nonzero param-
eters of the scattering matrix for a mesa TWPD with the config-
So2EK = SokE2 uration proposed by Hielata [11]. The device is of GaAs type,
Spopk = SErE? with a lengthLpi, = 500 pm. The width of its intrinsic area

is 2 pm, and its thickness 3.1i/m. The wavelength of optical

carrier is 1.06:m, and the field absorption coefficientwo ) is

50 cnt . The device is very long, and the TWPD can be con-

sidered as infinitely long, as in [11]. The illumination mode is

C. Reduction to Scattering Matrices of Three-RoftE uniform, which means,, , = 0 in (14). It is further assumed

Converter that RF losses are negligible, characteristic impedance of the
The reduction of the four-port scattering matrix into d WPD is 502, and the electrical port&l and £2 are loaded

three-port matrix describing the usual mode of operation B¥ 502

TWPD’s is readily obtained by imposing that electrical port T — Z. ot — Ze

Elis open(I'g; = 1). The scattering matrix of the equivalent g1 = Zio + Z. =Tp = Zowi+ Z =0. (39)

three-port transducer is then

Soiok = Soko1
Sgior = Sgro1, with k =1, 2. (35)

Output O2 is assumed to be optically matchddi; o2 = 0.

bo1 _ ao1 The structure is thus depicted by the four-port configuration dis-

bo2 | = S3—port | @02 cussed in Section V-B. Fig. 2 shows results calculated with our

be2 GE2 model. Fig. 2(a) shows the optical transmission between ports
Soio1 Soto2 Soige ao1 01 andO2. Due to the very long structure, most of the mod-

£ So001 So202  Sosm aos | . (36) ulated optical power is converted into electrical currents along
SEoo1 Smooe Skops | | am the length, and the residual fraction of optical power incoming

at portO2 is very small. It varies slowly with frequency, con-
r]“Ffrning the fact that the frequency dependence of the field ab-
sorption coefficient is negligible over bandwidths smaller than
00 GHz. Fig. 2(c) shows the scattering paramefgrs,; and
mo1 (31) expressing th@/ E conversion. They are compared
with the scattering parameter associated to an “ideal” photode-
tector (curve noted “ideal PD"), in which delays induced by op-

The coefficients are obtained from previous expressio
where conditiod’g; = Oisreplaced by conditiohg; = 1, and
conditionZ; gy = Z. is replaced by condition/Z g1 = 0.
Expressions for coefficients not involved in (36) are irrelevan
Another reduction occurs when optical pai2 is open, with a
total reflection of optical beam at output, which yields

bo1 _ ao1 tical and RF propagation are neglected, as well as carrier transit
be1 | = S3_port | @1 times in the structure. Thus, the photogenerated current at output
br2 ago E is given by the simplified)/F balance equation
Soto1 Soier Soie | | ao1 . g A
/ ip=——p=K 40
= | Se201 Seier Seip2 | a1 |- (37) = hwo! O/EP (40)
Spior Smamr Searz | | 0R2 which yields theS z201 idear Of the ideal PD
Coefficients of this three-port-matrix are also obtained from Brorw E
previous expressions, where conditidnoo. = 0is replaced by SB201 ideal = ol o
conditionI';s o2 = 1. Expressions for coefficients not involved Re 7.
. . vVRe Z.
in (37) are irrelevant. = » 2
D. Reduction to Scattering Matrices of Two-Palf E =% /Rez.
Converter hwo
= Ko/pVReZ.. (41)

A further reduction combines the open-ended condition at
both optical porD2 and RF port&1, yielding the two-port scat- The figure shows that the ideél/E conversion is wide band,

tering matrix of theO/E converter as well as theD/E conversionSg2o; between port€)1 and
_ FE2. This is because velocity matching is achieved between the
bor | ao1 | A | Soio1 Soir2 | | ao1 ) . X
b =52 port =ls g RF modulation and photogenerated RF signal: the phases of this
E2 ap2 E201 E2E2 ag?2 . . .
(38) conversion scattering parameter [see Fig. 2(g)] and of the op-

tical transmission factof o201 [see Fig. 2(e)] are identical over
Coefficients of this two-portS-matrix are again obtained the whole frequency range. Since theand £ signals travel in

from previous expressions, where conditib;; = 0 is the same direction at the same velocity, a constructive interfer-
replaced by conditioi’'g; = 1, condition Zrz; = Z. by ence occurs along the line between RF signals generated ear-
conditionl/Z,g; = 0, and conditiorl’,s 52 = 0 by condition lier on the line and those photogenerated in abscisgelding

I';r o2 = 1. Definitions of coefficients not involved in (38) areno bandwidth limitation. This is not the case, however, for the
again irrelevant. fraction of photogenerated signal, which travels in the opposite
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4 4 Fig. 3. Total RF power at output of TWPD in specific configuration [11,
s Fig. 4], computed by our four-port scattering model withws) = 5 cm=*
2 " (solid), 15 cm~! (dashed)50 cm~! (dot-dashed) and00 cm—* (dotted),
2 o &0 and two different load conditions at input electrical péit: matched (lower
2 K curves) and open-circuit (upper curves).
-2 -2
slight decrease in magnitude is due to the losses induced by the
0 500 1000 o 500 1000 weak laser emission effect. A destructive interference is also ob-
H z . .
‘ served onSos g2 because of RF signal and modulated optical
(e) ) power traveling in opposite directions. The frequency behavior
. . of theO/ E scattering parametefizoo1 andSg1o1 isin accor-
: dance with that observed by Hielata. The validity of our modelis
2p A\ = - 2 illustrated in Fig. 3, showing the total RF power resulting from
g, \ 2 O/ E conversion, computed for four values @fwo) = 3, 15,
NG B\ A VAR 50, and500 cm~*. The model yields the total RF power col-
- = - —\ i v Ay Hl \ . .
2\ A T 2\ lected at the electrical ports, defined as
N B | \
. 2 2
o 500 1000 o 500 1000 10log,g (|SE201| + [SE101] ) (42)
GHz GHz . . .
© ) Our results (lower curves in Fig. 3) perfectly agree with those by

Hielata [11, Fig. 4]. At low frequencies, the total/ ' conver-

FSon (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 E1 and E2. At high frequencies, the total O/E conversion
(42) undergoes a rolloff phenomenon induced by the behavior
of |Sg101]| [s€e Fig. 2(c)], which is due to destructive interfer-
ences. Again magnitude, slope, and dependence with respect to
o(we) calculated with our model confirm those by Hielata.

direction toward inpuf’1: destructive interference occurs when 2) Conservation Law for the Four-Po-Matrix of a De-

frequency increases because of the increasing phase shifttbetor: The scattering parameters of microwave passive l0ss-
tween the two signals, and the bandwidthSgf,»; decreases less four-port obey the conservation law

[see Fig. 2(c)].

Fig. 2. Relevant parameters of four-port scattering matrix for a GaAs TW
(Lpin = 500 pm, width of intrinsic area Zm, thickness 3.1z m, wavelength
of optical carrier 1.06:m, field absorption coefficient 50 cnt). (a) Magnitude
of O /0 transmission§c201). (b) Magnitude ofE/ E transmission§ 1 2).
(c) Magnitude of0 / E conversion P ezo01 (—), (Se101) (- -)]. (d) Magnitude
of E/O conversion foirz (—), (So2r2) (- -)]. (€) Phase ofO/O
transmission §5201). (f) Phase ofE/ E transmission § =1 z2). (g) Phase of
O/ E conversion Fgz01 (—), (Sr1o1) (- -)]. (h) Phase of£/O conversion
[Soiez (), (Soze2) (- 9)].

) L. . 7 7 2 A2 =1. 4
Concerning the reverse emission mode, the laser effect is of [90517 + 192 7+ 1937 + 1541 (43)
very low intensity since th& /O conversion observed betweerMultiplying (43) by |ag;|* yields
ort £2 and optical port£1 (S andO2 (S is ver
b D (So122) (So22) Y bes* + b2 |* + bes* + [bpg|* = lags P, (44)

small [ see Fig. 2(d)]. As a consequence, the RF transmission
line is similar to an almost lossless matched transmission lifggr anC/E detector, a conservation law occurs only between
with nearly zero input reflection coefficienf - g2, not shown) optical power and photogenerated electrical current, which are
and nearly perfect transmission [s€g; - in Fig. 2(b)]. The related by a conversion factdf, g, as seen in (14) for the
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Fig. 4. Scattering parameters of a three-port, with configuration as in Fig.e
(Lpin = 500 pm), exceptforl/Z; g1 = 0.(a) Soz201. (B) Sczez. (€) Sp201.-
(d) [So1p2 (), (Sozr2) (- 7).

Fig. 5. Scattering parameters of two-port, with configuration as in Fig. 2,
cept forLpin = 50 um, Diror = 0,and1l/Zrpy = 0. (@) Soro1- (D)
p282. (C) SE201. (d) So1E2.

For theO/ E conversion, the photogenerated RF signal trav-

TWPD case and (40) for the ideal case. As a consequenc@,”ﬁg toward the input is totally reflected Atl, and finally col-
hybrid balance equation can be written between the infinitesinlgfted at&2, yielding Sgzo1 as the sum of the forward and
power scattering wave and the electrical current (14) reflected signals. At low frequencies, no destructive interfer-
ence occur, and RF photogenerated voltages and currents are
dpo(Z) = (1/KO/E)(dijI‘VV E1+ djforw EQ) (45)

in phase at output, yielding ideal conversion. At higher fre-
where jiorw g1 and jiorw g2 are the fractions of current (14)

quencies,Sg201 IS close to the sum of square magnitudes of
o JLorwE . ; Seo01 and Sg101 Of the matched case depicted in Fig. 2(c),
flowing into input impedanceg;,, andZ,, respectively. If the . -
TWPD is electrically short, the total current collected at eadyd9E201 decreases rapidly with frequency, 8g10, of the
electrical port is simply proportional to the length of the TWPD_.

fmatched case. This is also observed or&lé& conversion [see
The integrated equations between the power scattering wave fJ‘oIr héle(i)gl'm-rehﬁ]rbe?aglr?zgfﬁ 201 ,Its n {s}ﬁcclrdtarlgi with [11312
the electrical waves then yield : P guration. 1he fote power ( .)’
computed using our three-port formalism with the four same dif-
1= So101 4+ Soz01 + (Sg101 + SEQOI)/\/ZKO/E- ferent values ofy, is identical in this case to the sofg;201. It
(46) shows again a perfect agreement (Fig. 3, upper curves) with pre-
viously published results [11]. At low frequency, the tafl E
Adequate equations for the three- and two-port configuratiopgnversionSgo; is 15.6 dB, as in the ideal case. At high fre-
are easily deduced by cancelling the irrelevant scattering paragnency, the total RF power has the same magnitude, slope, and
eters in (46). We have calculated the value of the right-hand sidependence ta, as in [11, Fig. 4]. The rolloff is due to the de-
of (46) for the various four-, three-, and two-port configurationsrease with frequency &g201, illustrated in Fig. 4(c).
It is in the range 0.999: 1 for lossless cases, which confirms theWhen a length reduction occurs in this three-port configura-
validity of the conservation law (46). tion (Lpin = 50 pM), O/ E conversion is only partial, the emis-
sion parameters are lower, and minima occuSgo; while
B. Three-Port Configurations they are shifted 5o g2, due to dependence of interferences

Fig. 4 shows scattering-parameter magnitudes of tRE length. Resulting/E bandwidth is 350 GHz.
three-port configuration defined in Section V-C. The TWPD is ) ]
very long as in Section VI-A.1. However, theput electrical C- Two-Port Configurations
port E1 is left open For the emission mode, it is obvious that Fig. 5 shows the scattering parameters of the two-port config-
the reflection coefficienSg2 g2 has a magnitude close to oneuration defined in Section V-C. As a matter of fact, it combines
because of the open erddl, with a slight decrease along thethe two three-port configurations (36) and (37). The TWPD
line due to the losses induced by the weak laser emission effégtagain as in Section VI-A.1 (Fig. 2), except that belkc-
A standing wave pattern occurs along the electrical path, whitrifcal port £1 and optical portO2 are open and the length is
implies that the optical power is emitted with the same phassduced by a factor of te{Li» = 50 pm). This length re-
along the line. Hence, no destructive interference occurs, ahaction is necessary to see the effect of the open-ended load
integrating along the length yields scattering parameigrs; because the optical power is almost totally converted over a
andSg201 of equal magnitude [superimposed in Fig. 4(d)]. 500+:m length before reaching the reflective loadt. The
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four relevant parameters are shown in magnitude only. The pafg] D.D. Curtis and E. E. Ames, “Optical test set for microwave fiber-optic

rameter relevant for the optical path is now the input reflection Rﬂe;;"igg%”a'VSiS*"EEE Trans. Microwave Theory Techol. 38, p. 552,
coefficientSo101 at portO1. It has a nonnegligible magnitude [9] B. Stockbroeckx, P. Dellisse, and A. Vander Vors§;tfhatrix definition

since a significant part of the optical beam reaches the reflective  for microwave optical transducersylicrowave Opt. Technol. Lefwvol.
load at port02, and travels back towar@1, while being par- 7,no.17, pp. 2099-2106, Dec. 1994.

. . . . 10] A. Vander Vorst and D. Vanhoenackéases de I'lngénierie Micro-
tially absorbed. Since the optical power travels twice along thé onde Brussels, Belgium: De Boeck-Université, 1996.

length, more power is absorbed and converted. As expected, thig] V. M. Hielata, G. A. Vawter, T. M. Brennan, and B. E. Hammons,
total power delivered to the Outpm2 [See Flg. 5(0)] is |arger “TraVeIing-WaVe phOtOdeteCtOI’S for h|gh'pOWer, |al’ge-bandWIdth

A L applications,” [IEEE Trans. Microwave Theory Techvol. 43, pp.
than in Fig. 2(c): it simultaneously takes advantage of the fact 2281_2298 Sept. 1995. y e PP

that reflected optical beam and photogenerated RF power travgb] z. zhu, R. Gillon, and A. Vander Vorst, “A new approach to broadband

twice in the device. The 3-dB bandwidth 6§20 is reduced matching for pin photodiodesMicrowave Opt. Technol. Lettvol. 8,
no. 1, pp. 8-13, Jan. 1995.

(300 GHZ) with respect to the correspondlng four-port matCheng] I. Huynen, A. Salamone, and M. Serres, “A traveling wave model for
caseLyin = 50 pm (450 GHz). This is in accordance with optimizing the bandwidth of-i-n photodetectors in silicon-on-insu-
the general property that reflections in a transmission line limit ~ !ator technology, 1EEE J. Select. Topics Quantum Electrorol. 4, pp.

. . . . 953-963, Nov.—Dec. 1998.
the frequency bandwidth of the line. The observed bandwidth ig 4) 7 7y, 1. Huynen, and A. Vander Vorst, “An efficient microwave char-
comparable, however, to that of the previous three-port configu-  acterization of PIN photodiodes,” iRroc. 26th European Microwave

ration with L ,;,, = 50 zm (350 GHz). The present configuration Cont, vol. 2, Prague, Czech Republic, Sept. 1996, pp. 1010-1014.
has the ad ! i that th deli dt i | [15] J. Katz, S. Margalit, C. Harder, D. Wilt, and A. Yariv, “The intrinsic
as the advantage that the power delivered to ouifus larger. electrical equivalent circuit of a laser diodéEEE J. Quantum Elec-

tron., vol. QE-17, pp. 4-7, Jan. 1981.
VII. CONCLUSION
In this paper, a complete distributédmatrix 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. Distribut Isabelle Huynen (S'87-M'89) was born in Bel-

equivalent circuits are first established. They take into accot g o 1965. She received the electrical engineer
. . . . egree and the Ph.D. degree in applied sciences
transmisssion-line parameters, modeling simultaneously | from the Université Catholique de Louvain (UCL),
wanted detection and spurious emission of light inside of tl Louvain_-laI-Neuve, Belgium, in 1989 and 1994,
i Al ; ; respectively.
deV|ce_. Based on those_ cwcwts, axd 4 scatter_mg matrix In 1989, She joined the Microwave Laboratory,
formalism has been derived. It is used to predict the perfc UCL, where she is currently a Research Associate of
mances of the device. This scattering matrix formalism can the National Fund for Scientific Research, Belgium.
used to yield an efficient optimization tool; for instance, folt Her main research deals with electromagnetic (EM)
L . , . eory using variational principles and measurement
maximizing the bandwidth of TWPD’s, by varying the type Ofechniques applied to microwave, millimeter-wave, and optical circuits, with
loads at each of the four ports of the device. This will be showparticular interest devoted to gyrotropic and nanoscale devices and materials
in a forthcoming paper, as well as other bandwidth Iimiting‘ vil_ew Qf synthesizing hybrid and integrated circuits for telecommunications
) . o pplications.
effects such as the finite carrier transit time and RF 10SSes I1br. Huynen is member of the Belgian Society of Telecommunication and
the device. Electronic Engineers (SITEL) and the Royal Society of Belgian Electricians
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