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~ Abstract—We present the theory and design of a tapered line limitations. A velocity-matched distributed photodetector
distributed photodetector (TLDP). In the previously demon- (VMDP) structure is one way to improve the power-bandwidth
strated velocity-matched distributed photodetector (VMDP), high 1 .o4,ct, which distributes the optical power in each downscaled
electrical bandwidth is achieved by proper termination in the hiah ’ d PD and coll he ph f h PD b
input end to absorb reverse traveling waves, sacrificing one-half Igh-spee "fm co eCtS_' t _e p _otocurrent rom eaF: y
of the quantum efficiency. By utilizing the tapered line structure @ low-loss electrical transmission line to reduce the microwave
and phase matching between optical waves and microwaves inloss and improve the output power. Its high electrical band-
our analyzed structure, a traveling-wave photodetector is more jdth and high saturation power performance have also been
realizable ar]d ultrahigh bandwidth can bg attained due to removal demonstrated [5]. However, for a VMDP structure, in order
of the extra input dummy load that sacrifices one-half of the total . . o
quantum efficiency. to absorb the reverse traveling microwave and eliminate the

To investigate the advantages of TLDP over VMDP, we cal- traditional R-C bandwidth limitation, additional dummy load
culate their electrical bandwidth performances by using an in the input end is needed. This input termination will sacrifice
analytic photodistributed current model. We adopted low-tem-  gne.half of the quantum efficiency and increase the dark current

perature-grown (LTG) GaAs-based metal-semiconductor—-metal : : : . :
(MSM) traveling-wave photodetectors as example unit active when high dc bias voltage is applied to get high output power.

devices in the analytic bandwidth calculation for their high-speed On the other hand, the input-matching load is usually removed
and high-power performances. Both VMDP and TLDP in our for real applications and high-power measurements [5], [6].
simulation are assumed to be transferred onto glass substrates, Without the input-matching load in a VMDP, it will behave like

which would achieve high microwave velocity/impedance and gp g)|-Jump-type device due to oscillations of reverse traveling

make radiation loss negligible. The simulated bandwidth of a _ . g .
properly designed LTG GaAs MSM TLDP is ~325 GHz, which microwaves inside the structure of the long distributed PD.

is higher than the simulated bandwidth of the LTG GaAs MSM  Velocity matching between optical waves and microwaves is
VMDP with an open-circuit input end (~240 GHz) and is almost thus no longer a useful condition in the improvement of device
comparable to the simulated bandwidth of an input-terminated electrical bandwidth [4].

LTG GaAs MSM VMDP (~330 GHz). This proposed method can i, this paper, we present the theory and design procedures of a

be applied to the design of high-bandwidth distributed photode- . . s . .
tectors for radio-frequency photonic systems and optoelectronic modified traveling-wave distributed photodetector: tapered line

generation of high-power microwaves and millimeter waves. distributed photodetector (TLDP). By gradually changing the
Index Terms—Distributed photodetector, high-bandwidth pho- chgracterlstlc llmpedance of th.e mterco_nneged coplanar-wave-
todetector, high-power photodetector, low-temperature-grown guide (CPW) lines between adjacent unit active PDs, the reverse
GaAs, metal-semiconductor-metal (MSM) photodetector, tapered traveling wave can be canceled [7]. High-speed performance
line, traveling-wave photodetector, ultra-high-speed photode- can thus be achieved without sacrificing half of the quantum
tector, velocity-matched distributed photodetector. efficiency in the input dummy load.
To compare the electrical bandwidth performance with that
|. INTRODUCTION of an ordinary VMDP, we adopt an analytical photodistributed
: .. current model to simulate the electrical bandwidth performance
WO MAJOR trends in the devellopmerjt of uItra-.hlgh-o TLDPs and VMDPs. We use the low-temperature-grown
speed photodetectors (PDs) are improving bandmdth—;{—TG) GaAs-based metal-semiconductor—-metal (MSM) trav-
ing-wave photodetector (TWPD) [8] as an example unit PD

P
I
i l?the bandwidth calculations for both distributed PD structures
. ) to its high- high- f . Both
absorption volume or length [2], [3]. However, the electrlce} € to its high-speed and high-power performances [8]. Bo

bandwidth will d nificantly for th £l pes of distributed PDs in our simulation are assumed to
andwidth wilt decrease significantly for the case o ong—atb—e transferred onto glass substrates [9] to reduce radiation

sorption-length PDs [2]-[4] due to serious high-frequency . o\ dielectric constant of glass substrate will ensure
microwave loss and velocity mismatch or R-C bandwid

at the fabricated electrical transmission lines have higher
characteristic impedance and microwave velocity than those
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optical modal absorption constant and increase the dev
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Fig. 1. Conceptual diagram of TLDP structuég;, is the impedance value
of the load termination. Dashed and solid lines represent optical and electrical N & \
paths, respectively. AT
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Unit Photodetector
between microwaves and optical waves, the simulated electrical (a)
bandwidth of the modeled TLDP ts325 GHz, which is much
higher than the simulated bandwidtkZ40 GHz) of a com- 66.67 Ohmo0 Ohm
parison input-open VMDP due to the tapered line distributed 200 Ohm 100 Ohm
connection structure. Compared with the previous theoretical 4::1——{ }
work in tapered line distributed photodetectors [13], we not
only propose an equivalent circuit model, which can get more 50 Ohm
physical insight into the working principles of the TLDP, but
also present detailed design and simulation procedures, whick | (¥ j ] j |=
are analytic and intuitive to demonstrate the feasibility and '
advantages of TLDP structure. At Optical Waveguide
Unit Photodetector
II. DEVICE STRUCTURE AND DESIGN CONCEPT (b)

The conceptual diagram of a TLDP structure is shown iIf]g. 2. (@) Equivalent circuit model and (b) its simplified version of TLDP
Fig. 1. Each current source on an optical waveguide represetisiit structure. Each rectangle represents one section of transmission line,
a downscaled high-speed PD, such as a uni-iaveling-carmghi fes & Shrecii mpesires of 20 005 e dne el
photodetector (UTC-PD) [14], [15], an LTG GaAs-based p-i-[g thg same as the timeginterve?l for michwaves pagssing one section of
TWPD [16], an MSM PD [5], or a p-i-n PD [17], which feeds itStransmission line.
generated photocurrent into an electrical transmission line. The
low-loss optical waveguide should be designed for distributipginciples of the proposed tapered line structure, which is
the input optical power and reducing the scattering loss betweshown in Fig. 2(a) and (b). Each current source in Fig. 2
different active PDs. To distribute the optical power in each Pi2presents an active photoabsorption region. We assumed that
equally and avoid the saturation in the first PD, the optical wavthe generated currents from different active regions are the
guide could also be replaced by a multimode interference optisalime by properly designing the area of each active region. The
power splitter as in previously demonstrated VMDPs [6], [18most direct way to eliminate the reverse traveling wave without
The major difference of TLDPs from VMDPs is the structursacrificing output current in distributed PDs or distributed
of the electrical transmission line, which collects the photocuelectrical amplifiers is to collect the generated current from
rent from each unit PD. Different widths of transmission lineach unit active device (PD or amplifier) by its own electrical
in different tapered sections represent different characteristiansmission line [20]-[22] and to terminate with a 2Q0-
impedances. For the case of a 806system with four tapered characteristic impedance, as shown in Fig. 2(a). By eliminating
stages, the impedances of different tapered sections ar@,20@& common power combining electrical transmission line, where
1002 (200/252), 66.6752 (200/352), and 5012 (200/412), re- the collected current from each unit device can propagate in
spectively. The impedance mismatch between different tapetesth forward and backward directions, the reverse traveling
sections will induce a backward out-of-phase reflection waveave problem can be eliminated. However, in order to combine
which will cancel the reverse traveling wave in each active phtike power from each separate electrical transmission line, an
toabsorption region. A detailed explanation is given in [7], [12Extra broadband and low-loss power combing passive circuit
and [19]. topology is usually needed [20], [21], which is lossy, complex,

On the other hand, a tapered line structure can be viewedmpractical, and inconvenient. This problem can be solved by
a simplified structure of a power combing circuit, and variousimplifying and replacing Fig. 2(a) with a tapered line structure,
impedance values in different tapered sections originating fraas shown in Fig. 2(b), which has a single 80utput port.

a different number of transmission lines are parallel-combinedThe simplification of Fig. 2(a) begins with properly de-
in each section. In this paper, by utilizing an equivalent circusigning the structures and lengths of electrical transmission
model, we can obtain more physical insight into the workiniines and optical waveguides. Thus the propagation time
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hertz) due to wide air gaps [10], [11]. To overcome and neglect
the radiation loss problem, the TLDP is assumed to be trans-
ferred onto a glass substrate, as shown in Fig. 3(b), which has a
low dielectric constant; the capacitance of the interconnect lines
can thus be reduced significantly. A high impedance line with
negligible radiation loss in the first tapered section could thus
be achieved [10], [11].

We suggest that the velocity-matching condition between op-
tical waves and microwaves in previous VMDPs could be re-
placed by phase matching in our proposed TLDP structure. This

phase matching could be achieved by properly designing the
lengths of optical and microwave waveguides, because optical
(b) mode velocity in semiconductor (GaAs) is much lower than mi-
/ \ crowave velocity in glass substrates, which have low effective
/ dielectric constants and capacitance for high-impedance pur-
-——-: ——-—--: poses. As shown in Fig. 3(a), unit MSM TWPDs are located on
a straight optical waveguide. The longer length of the winding
Undoped AlGaAs Layer for mtgrcqnnect CPW line co'mpared with thg straight opuca! wave-
optical wave guiding guide is due to higher microwave velocity compared with op-
tical wave velocity. The bending in interconnected CPW lines
is also usually encountered in practical circuits [12], [25] and
Glass substrate causes excess capacitance, which might affect the performance
as well as the bandwidth of the desired circuits. Usually cham-
fered bends or rounded corners [25] are used to compensate
for this nonideal effect, especially in a 9Bending [25]-[27].
Fig. 3. (a) Top view of an example TLDP and (b) cross-sectional diagram Y{le did not consider this minor nonideal effect in our proposed
its active region. example TLDP structure, which can be minimized in the real
design and fabrication process by chamfering the bend and re-
AT for microwaves passing one section of the electricducing the bending angles-60°).
transmission line and the propagation time for optical wavesThe design of a TLDP begins with determining the total ab-
traveling through one section of the optical waveguide c&®rption length and optical confinement factor in the leaky op-
be equivalent. Therefore, the phases and magnitudes of tisél waveguide. Then, we can design the length of each ab-
photogenerated microwave signals in the connected poigption active region (for example, MSM TWPD) to obtain
between different electrical transmission lines can be the sarif& same amount of output photocurrents from every active re-
as shown in Fig. 2(a). Then Fig. 2(a) can be simplified bgion. The chosen parameters of an example TLDP structure are
equal potential point connection. The resulting tapered ligiven in Table I. After determining each absorption length, we
structure equivalent circuit is found in Fig. 2(b), which showsan decide the lengths of the microwave waveguide and optical
different values of characteristic impedance due to differenaveguide to achieve the required tapered impedance value and
numbers of transmission line sections for parallel combinatigase-matching condition simultaneously. The length of inter-
in each tapered section. According to the above discussig®nnect microwave waveguide in each tapered section is deter-
about the working principle of a TLDP, we can clearly knownined by the required characteristic impedaugg which is
that the most important goals in the detailed design of a TLOFven by [5]
are 1) to make the photocurrent from each unit PD the same
and 2) to achieve the required tapered impedance value with Liine
hase matching between microwaves and optical waves in each ZL = _ Coelr Xla @)
p g p \/ Cline + =X
distributed section simultaneously. ‘
To simulate the TLDP structure and compare the electrigghere ;. and Cj;n. are the per-unit-length inductance and
bandwidth performance with the untapered VMDP, we adoptegpacitance of the interconnect CPW lig&, s and!, are the
the LTG GaAs-based MSM TWPD as an example unit actiygar-unit-length capacitance and length of the MSM TWED.
PD in our bandwidth calculation for its high-speed and highs the required electrical spacing between adjacent tapered sec-

output power characteristics [8], [23], [24]. The proposed expns. The values of’..;; andCj;, can be calculated from ve-
ample structure of a TLDP and its cross-sectional diagram |titity equations with [28]

the active photoabsorption region (MSM TWPD) are shown in
Fig. 3(a) and (b), respectively. The challenge in designing the

Active photodiodelnterconnec‘f CPW line

Optical Waveguide

CPW Metal

LTG GaAs

c 1
tapered line structure is the high impedance line of the first ta- =
pered section [12], [19]-[21]. A high impedance line will cause VEself  VLsertCrelt
high radiation loss in the case of a CPW transmission line, espe- c 1 @)
cially in the desired high-frequency regime (hundreds of giga- Vetne  VTiineCline
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TABLE |
SIMULATION PARAMETERS OF TLDP AND VMDP STRUCTURES THE LISTED GEOMETRY PARAMETERS (LENGTHS AND WIDTHS) OF
DIFFERENTDISTRIBUTED SECTIONS ARE ARRANGED FROM INPUT ENDS TOWARD OUTPUT PORTS OF THEDEVICES

TLDP VMDP
Center strip width and air gap of 2um/0.3pum 2pm/0.3pum
MSM TWPD active region
Center strip widths of each 2um, Spm, 6pm 10pm
connected distributed sections
CPW air gap of each connected 130pm, 60pm, 45pm 17pm
distributed sections
Ground plane width 50 pm 50 pm
Metal (Ti/Au) thickness 1 pm 1 pm
Interconnected optical waveguide 35pum, 20pm, 15pum 15pm
lengths between distributed sections
(include device absorption lengths of]
MSM TWPD)
Interconnected CPW lengths 60pm, 20pm, 15pum 15um
between distributed sections
Device absorption length of each 4um, 5.5um, 8.5um, 9um
MSM TWPD 15um
AlGaAs/GaAs epi layer thickness Sum Spum
Microwave dielectric constant of 12 12
AlGaAs/GaAs epi layers
Microwave dielectric constant of 2.25 225
glass substrate
Optical modal absorption constant 0.06 0.06
Fa (um")
Group velocity of optical wave 8.71x10” m/sec 8.71x10" m/sec
Carrier lifetime (¢, ) 200 fs 200 fs

wherec is the light speed in vacuura..;r andeyine are the ef- crowaves as discussed before. The geometry size of the whole
fective dielectric constants of the active MSM region and ifFLDP structure can be determined by utilizing the optical/elec-
terconnect CPW transmission line region, respectively, whittical phase-matching condition with

depend on the geometric size of the CPW line and the thick-

ness of different layers in a membrane substrate. The exact cal- Couit X 1, I,
culation formulas are given in [29]. The values of inductance le ([ Liine (Cline + 17) =3 3)
Line and Ly s can be determined by the empirical formulas € °
g%ﬂgﬁ}g&iﬁ;gﬁ \E\?giiaenddse?gm?rfe tg(;rvea)l(sggj:;, ptrr:)%_val\lfv%erfvo is_the optical propagati_on velocity, _Which is about 8.7
erly choosing a reasonable ratio between the width of the cenf<e|;LO m/s in a GaAs-based optical waveguide [5].

metal strip and the air gap in both interconnect CPW and MSM
regions for calculating the required values@f,.., Cscir and
Line, Lseir as discussed before. After obtaining the valué.of ~ Generally speaking, the electrical bandwidth of a distributed
we can further determine the length of each optical waveguiB® is limited by the cutoff frequencies of unit PDs, Bragg
l, to achieve phase matching between optical waves and miroff frequency of the artificial electrical transmission line

I1l. BANDWIDTH SIMULATION RESULTS
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[12], [31], microwave loss/dispersion, and transit and lifetime Pal2  Pal2  Pp2  Ppl2 P2 P2 Pgl2  Pgl2

of the photogenerated carriers [5]. To specify the advantac h;\ e e T e

of TLDP over VMDP, we simulated the bandwidth of bott—*=

structures by developing a photodistributed current moc

[4]. The basic concept and principle of this model has ber  #° mi, mig, mlg 20

used in the bandwidth calculation of fully distributed TWPD: loa 20 lop 20 loc 20

[4] and distributed amplifier circuits [28]. The accuracy o

our adopted design procedures and simulation concepts has

already been verified by the previous measurement resultsFaf 4. Conceptual diagram of a VMDP, which is used in the photodistributed

ultra-high-speed PDs, such as traveling-wave distributed P ent-model calculation. The dummy load in the input end is removed for the

[15] and fully distributed TWPDs [4], [16]. Compared with""2"idth simulation of the open-circuit VMDP.

the traditional ABCD matrix model [5], this model is simple,

analytic, and allows physical insight into the working principlestant, which can be determined by (1), (3), and microwave propa-

of the distributed structures. gationlossP,, P, P.,andP; are the fractions of total generated
Fig. 4 shows the conceptual diagram of an artificial electricahotocurrent, whichis normalizedto one, fromeach unitPD. The

transmission line with four periodic loading current sourcegluesofthese parameterscanbe determined by optical modal ab-

“A,” “B,” “C,” and “D,” which we use in the bandwidth calcu- sorption constaniix) and the absorption length of each unit PD.

lation of a VMDP. The microwave velocity and characteristid@ he factor 0.5 in front of these parameters represents one-half of

impedance of this artificial transmission line can be determindlae photocurrent forward and backward propagating toward the

from (1) and (3), which are accurate in our case becausad and input end, respectively, is the propagation constant

the spacing between each unit PD (tens of micrometers)oisthe modulated optical wave envelope. We neglected the op-

small compared with the simulated wavelength (hundreds tioal propagation loss between adjacent unit PDs, which is quite

thousands micrometers) [5]. small (~0.1 dB/cm) in a well-designed optical waveguide [5],
Microwave loss is composed of conductor loss, radiatidB2].m,,m, andm,. are the lengths ofthe interconnected CPW

loss, and dielectric loss [25]. We neglected the radiation losslines between adjacent unit PDsg,, [,;, andl,. are the section

our simulation because it is quite small in our proposed menengths of optical waveguides, which include device absorption

brane substrate structure [11]. Equations (4) and (5) represkemigths of unit MSM TWPD and the lengths of interconnected

the generated forward and backward photocurrents from eaxgtical waveguides. In the case of the VMDP structure, propaga-

distributed PD to the output load for the case of a VMDP  tion constants of optical waves and microwaves are similar; thus

these six parameters must be the same to achieve phase matching

between optical wave and microwave.

A [Po,rmal B |Bo,ymb] C |Bo,'me] D

P,
It (w) = — X (exp(—vym X (mua+mp+mc)))

2 These two equations can be understood as follows. Taking
) the termP./2 in (4), for example, as shown in Fig. 4, the term
+= % (exp(=ym X (mup+1muc))) exp(—j X Bo X (loa + lop)) represents the excitation phase

of P./2, which originates from the propagation phase shift of
optical waves traveling through two sections of waveguides
and two device absorption lengthg,( and l.;). The term

exp(—7m X (my.)) represents the phase shift of microwaves,

X (exp(—7 X BoXloa))

+ % X (exp(—ym X (muc)))

X (exp(—7 X Bo X (loa +10))) which travel from unit PD “C” to the load. By multiplying these
p terms, we can obtain the complete frequency response function
+24 (exp(—=7 X Bo X (loa+lop+1oc))) (4) ofthe“C” current source. With the same concept, we can obtain
2 frequency response functions of A, B, and D in (4). With respect
P, to (5), we can clearly see that the transfer functions of the unit
1 =— XP(—Ym a c ’ i thi i imi i
o(w) 2 X (exp(=ym X (1a+muy +mic))) PD “A,” “B,” “C,” and “D” in this equation are similar to their
P, corresponding terms of optical phase shift in (4). On the other
+ % (exp(=Tm X (mia X 2+mu+mic))) hand, the forms of electrical phase shift are different due to the

nature of backward propagation. Take the tdfmi2 in (5), for
exampleexp(—ym X (2 X (M, +mp) +my.)) represents the
backward propagation microwaves from the unit PD “C,” which
must travel through the interconnected CPW lings andmy;,

X (exp(—j X foXloa))

P.
-l-? X (exp(—Ym X (2 X (myq+mup)+mu,)))

X (exp(—=7 X (8o X (loa+1op)))) twice and then propagate through. to the termination load

P due to the bouncing of the backward propagation waves from the
+-94 (exp(—Ym X (2 X (mia+mp+m,)))) open-circuit termination in the input end of the whole PD.

2 In the case of VMDPs with an impedance-matching termina-
x (exp(—j X (8o X (loa+lop+loc))))- (5) tion in the input end of the device, backward propagation mi-

crowaves are eliminated. Thus the electrical bandwidth can just
I (w) andl, (w) are the forward and backward propagation phdse modeled by (4). In the case of VMDPs with an open-cir-
tocurrents, respectively,,, is the microwave propagation con-cuit termination in the input end, their electrical bandwidth per-
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formance can be modeled through the summations of (4) adgh(w) = P, X exp(—Yma X Mia) X R1 + D1 X Py

(5). To obtain the device electrical bandwidth and amplitude .

responses for both cases, we multiply the obtained current re- x exp(—7 % fo Xloa)

sponsel,, with the frequency response of an exponential—like[w(w) = P, xexp(—Yma X mMia) X Tt X exp(—~mp X m13)
carrier lifetime of LTG GaAs, the cutoff frequency of each unit

PD (MSM-TWPD), and the Bragg cutoff frequency [12], [31]. X Ry + D g1 X Py X exp(—Ymb X map)

The detailed and complete transfer functions used in band-
width calculation are shown in (6) and (7) for the case of
VMDPs with and without input impedance-matching termina- xexp(—34 X Bo X (loa + lob))
tion, respectively

X exp(—7 X o Xloa) X Ra + Dya X P,

Iys(w) = Py xexp(—Yma X mia ) X 11 X eXp(—Ymb X 1101p)

1 1 1
I, (w) =1¢(w) X - X — X - 6 X To X exXp(—Yme XMye) X R3 + D1 X Py
(w) =If(w) T jwtie <142 172 (6) 2 ( )X R3+ Dy
1 1 X exp(—Ymb X Mip) X €xXp(—7j X o X loa) X T
(@) = Ly (@) + D(w)) x 5 1+j2 X eXp(—Yme X M) X Ry + Do X Pe
1 7 X €XP(—Yme X Mic) X exp(—7 X Bo X (loa + lob))

X o -

1+J@ XRS+Db3xpd><exp(_jxﬂox(loa+lob+loc))

tife 1S the carrier lifetime of LTG GaAs, which is about 200 fs Iy(w) = Iy (W) + Ip(w) + Lz(w). (11)

[33], andw, is the cutoff frequency of the MSM TWPD, which

can be calculated using a photodistributed current model wife neglect the infinite reflections between open-circuit input

boundary reflection effects [44; is the Bragg cutoff angular end and load termination df (w) in (11) because it is almost

frequency in each section of the artificial electrical transmissi@anceled and just occupies a small fractien §.01) of the

line, which is given as follows [31]: total generated photocurretf,(w) = Iy(w) + I(w)) in

a well-designed tapered line structure, as discussed later.

e — (8)  Ymas Ymbs Ymes Yma COrrespond to the microwave propaga-

V LiotalCrotal tion constants in different sections of the tapered electrical

whereLo:. andCiota1 are the total capacitance and inductand@nsmission lines. Their lengths ar@., muy, mic, andmid,

in each section of the artificial electrical transmission line. §SpeCt'Ve|¥T1’ Iz, _T3_ and Rl’ Ry, R are the tran_smlssmn

can rewrite its form as in (9) to get more physical insight anq reflectlon' coefficients in each connef:te'd po.|nt betwegn
adjacent sections of the tapered transmission line and dis-

) 2 L2V, 2 tributed photocurrent sources, as shown in Fig. 3&),, Ds.,

Vi Gl VLCL, L . ©) (n = 1~3) are the ratios of forward and backwgrd propaggtlon
photocurrents to the total generated current in each unit PD.

whereL andC are the values of per-unit-length inductance antihese ratios depend on the values of impedances between two
capacitance and is the length of the transmission line betweegonnected sections.
two unit PDs. Thus the Bragg cutoff frequency can be treated a€Equations (10) and (11) can be understood as follows. By
the inverse of microwave propagation delay) between two utilizing the superposition principle, the forward propagating
unit PDs. current I¢(w) in (10) can be decomposed to four terms
To simulate our example TLDP structure, the photodid+(w), If2(w), Ifs(w), Ira(w), which correspond to the
tributed current model must be modified. The completgenerated photocurrents from sources “A,” “B,” “C,” “D,” as
equations for forwards(w)) and backwardl,(w)) propa- shown in Fig. 5(a). Similarly, the total backward propagating

2
wp =

wWRB

gating microwaves are given in (10) and (11) current],(w) can be obtained by summing the contributions
from connected points between “AB,” “BC,” and “CD” as
I1(w) = Py X exp(—Yma X Miq) X T1 X €Xp(—Ymb X M) Iy (w), Iye(w), and Ip3(w).

Fig. 5(b) and the inset of Fig. 5(a) show conceptual example
diagrams of how to determine the values®f, R,, D¢y,
Ia(w) = D1 X Py xexp(—7 X Bo X loa ) X €Xp(—Yump X M3 and Dy, (n = 1 ~ 3) [7], [12], [13]. We assumed that the
amount of generated photocurrent in each current sourtg is
by properly designing the length of each active PD as shown in

X Ty X €xXp(—Yme X My ) X T

X Ty X exp(—Yme X mye) X T

Ip3(w) = Dyax P.xexp(—5 X Bo X (loa 4 lob)) Fig. 5(b). The first current source will inject all g, into the
line section withZ, due to the unterminated input end. When
X €XP(—Yme X M) X T3 this wave reaches the next line section witk/2, the current

reflection coefficientR; will be —1/3. In accordance with
Kirchhoff’s law, a current of 4/8, will flow into the next sec-
If(w) =I51(w) + If2(w) + Ir3(w) + Ira(w) (10) tion, which implies that the transmission coefficiént equals

Ip4(w) = D3 x Pyxexp(—j X fo X (loa + lob + loc))
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loa Z0 lob Zp/2 loc Zp/3 oa
Pa Db1Pb Df1pb - '
0'01 10 100 1000
A Poma]l B |Bo,vmb Frequency (GHz)
miy mip
loa 20 lob 207 Fig.6. The simulated current response of open-circuit VMDP (trace A, dashed
a‘) \ line), input-terminated VMDP (trace B, solid line), and TLDP (trace C, dotted
R4P T1Pa line).
(b) The results obtained in (13) are similar to those in (4) except
b 28 25 oy, TP by that twice the amount of collected photocurrent can be obtained.
\\ Its conceptual diagram is shown in Fig. 5(b). From (10)—(13),
hv ) 4, Wecan know that the key point of success in TLDP structure is
A poimal B Pombl C [fotmel D phase matching between optical waves and microwaves, prop-
_1%) wlp 25l \125lp 371 %, e.rly choosmg the impedance value in each connected transmis-
. il l sion line, and the length of each unit PD.
C .
|°:Z° lob 202 loc 203 To quantify the advantage of the tapered structure, the fre-

guency responses of VMDPs with open circuit input end and

Fig. 5. (a) Conceptual diagram of a TLDP, which is used in photodistributggroper input termination have been compared with the TLDP.
current-model calculation. (b) Conceptual diagram for current summatigrhe frequency response of the simulated TLDP structure can be

process in a TLPD structure. The inset in (a) illustrates how to determine th

reflection ®), transmissior{T} ), and division coefficientsl0 s1, Dy1).

obtained by (4)—(7), (10), and (11). However, here we neglect
the Bragg cutoff frequencies-(L THz) in different distributed
sections, which could be much higher than the obtained elec-

4/3. The second current source will split its current betwedfical bandwidth {300 GHz), by shortening the lengths of the

the two sections based on the relative impedance. One-thirdigerconnected CPW lines (less than &) and reducing the

the current will travel toward the input and two-thirds towardhicrowave propagation delay. Both structures are designed for
the output. Thus the values @i and Dy; are 2/3 and 1/3, 502 impedances with the same stage numbers, the same kind
respectivelyDy, I, exactly cancels th&, I,, from the reflected of active unit PD (MSM TWPD), and the same total length of
incident wave, whileD;; 1, adds with the transmitted waveactive devices, which is the summed lengths of four active unit
for a full 21,. The process is repeated at the next two curreRPs, as well as on similar glass substrates.

sources with a suitable choice of line impedanggg3 and

Z0/4 The values OngNg, T3, and .ng,\,g7 Dyo~3 CaN be

determined as follows+1/5(Rs), —1/7(R3), 6/5(T3), 8/7(T3)

and 3/8Dy¢s), 4/7(Dys), 2/5Dys), 3/7(Dys), respectively.

The magnitudes of generated photocurrefts. r3(w) can
thus be determined.

All of the detailed parameters used in electrical bandwidth
simulation are given in Table I. The simulated frequency
responses of current amplitudes are shown in Fig. 6 as trace
A, B, and C, which correspond to the open-circuit VMDP,
the input-terminated VMDP, and the TLDP. We can clearly
see that the input-terminated VMDP can achieve much better

In (10) and (11), moreover, if the phase between optical wav@lectrical bandwidth than the open-circuit VMDR 330 GHz

and microwaves in each tapered section is synchronized by ¥grsus~240 GHz), which is also close to the order of the
lizing (3) as discussed before. We can let cutoff frequency of the unit PD~400 GHz), at the expense

of one-half quantum efficiency. Compared with open-circuit
VMDP, a significant improvement in the electrical bandwidth
performance {325 GHz), which is close to the bandwidth of
the input-terminated VMDP, can be achieved with our pro-
posed tapered structure without sacrificing the total quantum
r%fficiency. In addition, the highest power bandwidth product
can be expected in TLDP among these three structures.

(12)

Yma~e X Migae = J X /[30 X logrne = ] X wT

by assuming low microwave loss, wheres the propagation
delay of optical waves or microwaves. Therefore, we can si
plify (10) and (11) and get

IV. CONCLUSION

I 4] —-3x7J . .
s(w) p X exp(=3 X j X wr) In this paper, we present the theory and design of a tapered

Ip(w) 2T (w) & Tp(w) = Tz(w) 20. (13) line distributed photodetector. By utilizing the tapered line
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structure and phase matching between optical waves arnth]
microwaves, a traveling-wave photodetector is more realizable
and ultrahigh bandwidth can be attained without sacrificing[12]
quantum efficiency in the input dummy load. To investigate
the advantages of TLDPs over VMDPs, both structures aré3]
simulated by a photodistributed current model, which is more
analytical, intuitive, and can provide more physical insight
than the traditional ABCD-matrix model. The chosen unit[14]
active PD in example TLDP and VMDP structures is LTG
GaAs-based MSM TWPD for its high-speed and high-power
performance. Both distributed structures in the bandwidth15]
calculation are assumed to be transferred onto glass substrates
so that the microwave radiation loss can be neglected. The
simulated electrical bandwidth of the proposed TLDP is aboupi6]
325 GHz, which is close to the simulated bandwidth of an
input-terminated VMDP and higher than an input-open VMDP[17]
(240 GHz). The highest power-bandwidth product among
these three structures can be achieved by the TLDP structure.
This new design concept and structure can be applied to the
high-bandwidth/power-distributed photodetectors for fiberig
radio communication systems, high-power photomixer devices
[33], and low-cost photoreceiver circuits without electrical

amplifiers [1]. o]
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