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Ultrahigh-Speed Traveling-Wave Electroabsorption
Modulator—Design and Analysis

G. L. Li, Student Member, IEEE;. K. Sun, S. A. Pappert, W. X. Chen, and P. K. L. Bgnior Member, IEEE

Abstract—Theoretical analysis and numerical calculations are EAM waveguide, as discussed later, it is very difficult to
presented for ultrahigh-speed (50 GHz) traveling-wave elec- achieve good impedance matching and velocity matching,
troabsorption modulators (TW-EAM's), including effects of ve- g4 gptical and microwave attenuation losses are fairly large.

locity mismatch, impedance mismatch, and microwave attenua- Thi ds the difficulty in desiani itrahiah d
tion. A quasi-static equivalent circuit model is used to examine ' S COMPOUNGS the difliculty In aesigning an ultrahigh-spee

the TW-EAM microwave properties, including the effect of pho- TW-EAM with high modulation efficiency.
tocurrent. Due to the optical propagation loss of the waveguide, However, practical approaches still exist for producing a
the TW-EAM waveguide length for maximum RF link gain is  TW-EAM with electrical bandwidth> 50 GHz and per-

currently limited to 200—300 ¢m. The discussion indicates that the formance better than that of an L-EAM device. TW-EAM
carrier transit time in the intrinsic layer may not severely limit frequency response is derived in Section Il to rO\'/ide a desian
the TW-EAM bandwidth. Three TW-EAM design approaches a y P P g

are discussed: low-impedance matching; reducing the waveguide guideline. In Section Ill, the optimal modulator length for
capacitance; and distributing the modulation region. maximizing RF gain is analyzed. In Section IV, a quasi-
Index Terms—Analog fiber links, electroabsorption modula- static equivalent circuit- model is emplqyed to estimate the
tors, traveling wave. frequency dependent microwave properties of a standard EAM
waveguide, including the effect of photocurrent. In Section V,
effects of carrier transit time on the bandwidth of TW-
EAM’'s are discussed. In Section VI, three approaches for
IGH-SPEED electroabsorption modulators (EAM’s) arachieving the ultrahigh-speed TW-EAM are discussed: low-
getting more and more interest for use in both digitampedance matching; reducing the waveguide capacitance; and
and analog high-speed fiber-optic links. A 50-GHz bandwidtistributing the modulation region.
lumped EAM (L-EAM) has been reported with the active
waveguide length shortened to & [1]. However, reducing
the waveguide length results in smaller modulation efficiency
due to both shorter modulation length and smaller power The optical power output from an EAM can be expressed as
handling ability. To overcome the resistance—capacitaR€ ( .
bandwidth limit without severely sacrificing modulation effi-
ciency, the traveling-wave EAM (TW-EAM) has been pro- Loue = LinC* exp (= L) eXp{_’y/O o) dx} (1)
posed and experimentally investigated by several authors
[2]-[4]. A 50-GHz optical bandwidth £+30-GHz electrical \wherer, is the input optical powel; is the optical loss factor
bandwidth) has been reported for a 20@-long TW-EAM  at each facety, is the optical attenuation coefficient inside the
[2]. modulator at zero bias voltage, is the optical confinement
In a TW-EAM, the electrode is designed as a transmiggctor in the modulator absorption layer, ang:) denotes the
sion line to distribute the CapaCitance over the entire deViggsorption Change due to the nonzero V0|tage app“ed across
Iength. This allows a IOnger modulation Iength to enhanqﬁe absorption |ayer_ The absorption Chan@@) consists
the modulation efficiency while maintaining a large banthf a dc partey, at the bias voltagd’, and an ac part due
width. To achieve an optimum modulator performance, thg the modulation voltagd/,. which can be approximated
microwave phase velocity should match with the opticglg devy/dVy)Vac(z). Using a small-signal approximation, we
group velocity [5], [6] in the TW-EAM waveguide; per-optain the ac part in (1)
fect microwave impedance matching and optical antireflection
coating are desired; and microwave attenuation as well as
optical propagation loss should be eliminated. For a typicarlac

I. INTRODUCTION

Il. M ODULATOR FREQUENCY RESPONSE

dab L
= —I;nC? exp (—aoL — yap L)y — / Vac(z) d.
Vi Jo
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expressed as

-15F I I I ' ' ' ]
Vieli, 1) = AL oD (i) g .
ac\T, = ~ —

1—-Trls exp (—=2y,L) a 25 ™ 15 dB/mm |
{exp (=) + L exp (yur — 27.L)} () g
=)

where V; is the forward microwave voltage in the source E -35¢ 0 dB/mm]
transmission linel's and I';, are the modulator (internal) %

reflection coefficients at the source £ 0) and load £ = L) —8-0 457

ports, respectivelyl” is the amplitude transmission coefficient
at the source porty is the microwave frequency, ang, =
a, +if3,, wherea, is the microwave attenuation ani), =
w/v,, is the wavenumber associated with the microwave phasg. 1. Optimal modulator length for maximal RF gain with different optical

00 02 04 06 08 10 12
L (mm)

velocity v,,. propagation loss.

As an optical wave packet begins to propagate from the
modulator input facet at timé&, and at group velocity,, it . OPTICAL PROPAGATION LOSS AND
arrives at positiorr inside the modulator at time= to+x/v,, OPTIMAL MODULATOR LENGTH

which implies V,.(z) = Vio(z,t = to + z/v,). For an
ideal EAM (¢, = 0, v, = v,, 'y =1's = 0,1 = 1),

Vac(z) = Vp expliwty). Normalizing the RF link gain for
the general case with respect to the ideal case, we obtain

It is often desirable to lengthen the modulator as much as
possible to increase the modulation efficiency. However, there
is an upper limit due to the optical propagation loss. Consider
the low frequency gain for a TW-EAM. At very low frequency,

GNoRrM the modulation voltagd/,.(z) for a particular optical wave
B T exp{(jfo — )L} —1 packet is constant=V;) along the whole waveguide. The
~|1-TIpls exp(—2v,L) (380 — vu) L modulated optical power can be expressed as

2

+ I'y, exp (_2’7HL) exp {(JB + ’VM)L} — 1}

(4B + )L

d
Lnc = —IinC? exp(—aoL — yau L)y 2 VoL, (7)
dvy
@ | |
. . _ With a larger L, the optimal dc bias voltag®, becomes
where f§, = w/v,. Equation (4) is the normalized TW-smaller allowing a smalle,. For EAM's, the optimal bias
EAM frequency response, including effects of impedangsvint v, usually results at the normalized transmiss{@h=
mismatch, velocity mismatch, and microwave attenuation. Thj§p(_7abL)) value of 0.5-0.7. This implies that the term
equation is used in the analysis in the following sectiongxp(_,mbL) in (7) has little dependence ah. The depen-
The microwave reflection coefficients can be calculated frogence of doy, /dV, on L is difficult to model analytically.
U's = (Zs = Zm)/(Zs+ Zm), UL = (ZL— Zm)/(ZL+ Zm),  Usually, doy, /dV; is smaller for smalle#, as L increases. In
and T = 1-1TIs, with Zs, Z,, and Z, defined as the (7), the most significant terms afeandexp(—a, L), the latter
characteristic microwave impedance of the source transmissiféhotes the optical propagation loss at zero bias. The optical
line, the modulator and the terminator, respectively. propagation loss depends on the modulator structural design.
For a short, lumped element device, the terminator port fr a typical EAM with a 3-4sm waveguide width and a
open, i.e.,I'r = 1. If we ignore the microwave attenuation.3-0.4um-thick undoped absorption layer, the propagation

and use the small. approximation in (4), we get, loss ranges from 15 to 20 dB/mm [1], [10], [12]. Most of the
o 2 propagation loss comes from the residual absorption at zero
GNorM = BT T bias. For an efficient EAM, the detuning energy between the
exp (7 5uL) s exp(—ifuL) photon and the absorption layer bandgap cannot be too large.
2 The detuning energy, in turn, directly determines the residual

2(1-T
:‘1 “Ts JS (1+;L)j/3uL : (5) absorption. Henge, in an uItrahigh—spegd modulator_designed
for high-modulation efficiency, the optical propagation loss
Noting that (+L's)/(1-T's) = Zs/Zp., Zm = / Lm/Cm, cannot be reduced much from the above values.
By = wy/Ln/Cy,, WwhereL,, andC,, are the inductance and To determine the optimal modulator lengthfor maximum
capacitance per unit length of the modulator, we can rewri®F link gain, consider thd. - exp(—«,L) factor in (7). A

(5) as plot of 20log(L exp(—w,L)) versusL is shown in Fig. 1 for
9 2 different propagation loss. From Fig. 1 it is seen that for an
GNORM = 1T wZ.C Ll (6) optical propagation loss of 15 dB/mm, the optimal modulator
Jwastim length is 0.3 mm, while that for 20 dB/mm propagation loss is

Equation (6) can be regarded as tR€limited gain of 0.22 mm. Owing to the fact thaky,/dV; is smaller for longer
a lumped element short waveguide modulator with,L. L, it will take an optimal length smaller than that predicted
representing the total modulator capacitance. The factor ofr2Fig. 1 to maximize the RF link gain. In [13], the optimal
in the numerator of (6) is a result of the voltage doublinghodulator length was measured to be 0.17 mm. Since a longer
occurring at the open modulator termination port. modulator length will not improve either the RF gain or the
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TABLE |
MEASUREMENT RESULTS FOR MICROWAVE PROPERTIES OFMODULATOR WAVEGUIDES
Reference Material Structure  Devicetype w d n, Attenuation Zn
[31 InAsP/InGaP Planar- Electro- 3 0.9 ~37 5.6dB/mm 30
MQW microstrip  absorption pum  pm @40GHz Q
[8] InGaAs/InGaAlAs Planar- Electro 39 ~05 ~7 7.3 25
MQW microstrip -optic um  um dBem'GHz'* @
R, L, R L fabricated on InP substrates [3], [8]. Results of this past work
— = AR are summarized in Table I, whete is the waveguide width,
R R dy is the intrinsic layer thickness,,, is the microwave phase
€ Approximale index. n,, and Z,,, are values at 40 GHz for [3] and at 20
-G — > R, GHz foru[8]. .
C;|7 QRJ T Cn Since no optical power was used in the above measurements,
Ry can be considered as electrical open. Also no measured
(@) (b) imaginary part of the impedance was reported. Since the

Fig. 2. Quasi-static circuit model for a unit length of TW-EAM transmissioimaginary part is much smaller than the real part at the

fine. frequencies considered, the real part can be taken as the
measured impedance. Assuming that at 20-40 GHz, <

bandwidth, modulator lengths exceeding the optimal lengtil.,,, andRs < 1/wC,,, (8) and (9) can be greatly simplified.

predicted in Fig. 1 should be avoided. Finally, we obtain
IV. MICROWAVE PROPERTIES OF THETW-EAM WAVEGUIDE Zy =\ L [Ci; B = WV LGy, (10)
The TW-EAM impedanceZ,,,, velocity v, and microwave o, = R;On \V/Cp/ L + %RSwQ\/Lngl. (11)

attenuatione,, can be estimated with a quasi-static circuit
model for a unit length of TW-EAM transmission line, as From Z,, and 3, it can be calculated that for the device
is shown in Fig. 2(a). In this circuit diagranfi.., is the in [3], L,, = 0.37 nH/mm, C,, = 0.41 pF/mm; while for
conduction resistance,,, is the inductancefis is the device the device in [8],L,, = 0.58 nH/mm, C,, = 0.93 pF/mm.
series resistance),, is the junction capacitance}; is the For 3um-wide device in [3], typicalRs = 1 ©-mm; while
junction leakage resistancéy is the photocurrent governedfor 4-um-wide device in [8], typicalRs = 0.75 €-mm.
by electroabsorption, an€'p is the parasitic capacitance. ForTherefore,Reon = 3.5 @-mm~1-GHz /2 for [3] and Reon =
well-designed EAM’s,Cp is typically very small in value 2.5 Q-mm~1.-GHz /2 for [8] can be derived.
and R; is much larger than the impedance governed(hy Consider a standard InGaAsP—-InP EAM with~&8-m-
for microwave frequencies beyond 1 GHz. Therefore, bothide waveguide and a-0.3-um-thick intrinsic absorption
Cp and R; can be replaced by an electrical open. Withegion. To first-order approximation, takin§eon, o« w™!
these assumptions, the circuit model can be approximateddnd C,, « w/d;, we can infer thatC,,, ~ 1.2 pF/mm [9]
that shown in Fig. 2(b), wherdko = (dIo/dV;)~! is the and Reon ~ 3.5 @-mm~1-GHz /2 for the standard EAM
equivalent ac resistance due to the dependence of the curegnicture. However,L,, may depend on various electrode
1o on the modulator junction voltag€;. This optical power and waveguide layer parameters. For the standard EBM,
dependent current path can significantly affect the microwagan vary significantly but will fall somewhere into the wide
properties of the TW-EAM at high input optical power. inductance range of 0.1-1 nH/mm. The effect of inductance
Using the circuit parameters in Fig. 2(b), all of the releen TW-EAM bandwidth will be numerically investigated in

vant microwave properties of a TW-EAM waveguide can b8ection VI.
derived from [7] The electroabsorption related resistas&eis optical power

. - - dependent. At low optical poweR, is simply an open circuit;
Zin =\ (Beon + jwLu){Rs + Ro/(1+ jwRoCu)}  (8) at high optical power,Ro becomes smaller in value. For
Y =+ 3B example, at 5-dBm input optical powedtl,/dV; can be

_ - K ~0.45 mA/V for a 180zm-long waveguide [10] implying an

= V(Beon+ joLn)[{Rs + Ro /(1 + jwRoCu)}. (9) Ro of 400Q-mm. At higher optical power and/or with a more

The circuit parameters of the TW-EAM waveguide transefficient modulatordis/dV; can be as large as10 mA/V

mission line are generally frequency dependent. Howevéoy a 135um-long waveguide [11] implying ai®, value of
at frequencies above 1 GHz where all the skin, edge ahd.5 ©2-mm.
proximity effects are fully pronounced,,,, C,., Rs, andRo SubstitutingL,,, = 0.5 nH/mm, C,,, = 1.2 pF/mm, R.., =
tend to be constants, anfl.., increases as the square roo8.5 Q-mm *-GHz /2, R¢ = 1 Q-mm, Ro = 10° and
of frequency. To estimate the circuit parameter values abo@ 2-mm into (8) and (9), frequency dependent microwave
1 GHz, experimental results have to be used. Measurememtsperties for the standard EAM waveguide can be obtained.
of microwave properties have been reported for waveguid€be calculation results are shown in Fig. 3. Without optical
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& current will be much larger than the ac photocurrent. This
& 20 S Re(Z,) implies that the transit time limit has little impact on the
g ° waveguide microwave properties, although the microwave loss
i 10 Im(Z,) could be slightly reduced due to smaller ac photocurrent.
5 b 0000000000000000000000008857 In PD’s, ac photocurrent is the only source of both displace-
é’ 0 // ment current and output signal, so that the PD’s bandwidth is
2 10 subject to the transit time limit. However, in EAM’s, the ac
£ 0 10 20 30 40 50 60 70 photocurrent does not critically affect device operation as long
Microwave Frequency (GHz) as the optical absorption is not affected. For microwave fre-
(a) guencies beyond the transit time limit, the carriers generated by
20 photoabsorption cannot be swept out of the junction promptly.
At low optical power, there are few carriers generated, thus the
= absorption coefficient is not affected by the transit time limit.
§ 2 0 At high optical power, high-density carriers are generated
£ Ooooo°° and accumulate in the junction area at all modulation levels.
% 10 ngogg""(’ Ty These accumulated carriers will screen both the biasing and
5 / the modulation electrical field and cause dc and ac saturation,

which can reduce the modulation efficiency. However, the
) screening effect will not be severely affected by the modulation
Microwave Frequency (GHz) . . .
voltage, since the accumulated carriers are mainly generated

®) by dc absorption due to the fact that the modulation voltage
Fig. 3. Frequency dependent microwave properties for a standard EAYI generally much smaller than the dc bias voltage.
waveguide. Solid lines: no optical poweRo = 10 Q-mm; symbol lines: . . . .
high optical power,Ro, = 20 -mm. Co.ns.equently, af:cordlng to the ab'ovg'dlscussmn,. carrier
transit time effects in EAM’s may not significantly deteriorate

. ) the modulator performance, including the device bandwidth.
power, the curves are very similar to published measurement

results. However, at high optical power whekg, drops to

small values such as 2@-mm, microwave properties are VI. TW-EAM A PPROACHES

affected, especially at low frequency. The effect of high From Fig. 3 it is seen that for a typical EAM wave-
OptiC&' power on modulator bandwidth will be numericall)guide, all microwave properties are frequency dependent’

0
0 10 20 30 40 50 60 70

investigated in Section VI. microwave attenuation is pretty large, waveguide impedance

Due to the microwave voltage drop acrass, the normal- s far from 50§ and has an imaginary part, and the mi-
ized link gain has to be modified as crowave phase index ranges from 10 to 6. There are currently
R no published reports regarding the optical group index in

LGnorm = GNorMm (12) InP-InGaAsP waveguides. However, the optical group index

7 2
[Bo + (1+ jwCnmRo)Es| in a GaAs—AlGaAs waveguide has been measured to2@3

with Gnorwm given by (4). [6], which is larger than the optical phase index of 3.38. For a
typical InP—InGaAsP waveguide, whose optical phase index is
V. TW-EAM TRANSIT TIME EFFECTS 3.2-3.3, an optical group index of 3.5 is assumed. This implies

It has been shown that the carrier transit time in the devi@d@rge velocity mismatch for standard 1.3- or 1/58-EAM's.
intrinsic layer is the ultimate limit to the bandwidth of p-i-nConsequently, it seems difficult to achieve a large bandwidth
photodetectors (PD’s) [14]. Since EAM's and PD's are simildP’ @ TW-EAM with a conventional EAM waveguide with

in structure, they will share some common carrier transpétttyPical electrode design. In the following, several possible

properties [15]. However, EAM's are principally V0|tage_approaches for achieving an ultrahigh-speed TW-EAM will

controlled devices, while PD's are current—output deviceQ€ described.

Consequently, the carrier transit time limit for EAM’s and

PD's may be different. To ensure the resulting TW-EAM caf\. Low-Impedance Matching

work at ultrahigh speed, transit time effects on EAM’s should A simple way to achieve large TW-EAM bandwidth is to

be examined. use standard EAM waveguide matching with a low-impedance
Fig. 2(b) shows that, under normal operation, the junction grminator. This is similar to using a small shunt resistance in

current in a TW-EAM is mainly composed of two parts. On¢-gAM for broadening the bandwidth. The L-EAM frequency
is the displacement current related to the junction capacitang8ponse can be calculated by

C,,, another is the ac photocurrent governed by optical absorp-

tion. They both come from the external modulation source. 2r
When the microwave frequency is close to or beyond the LGxorm = 1+ jwCnL(Rs/L + Zsr) (13)
transit time limit, the ac photocurrent will roll off, while the )

displacement current will not be affected. When the microwaveherer = R, /(Rs;, + Zs), and Ry, is the shunt resistance.
frequency is high enough,/wC,, < Ro, the displacement Low optical power is assumed.
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L,=0.5 nH/mm

Traveling Wave
...... Model
Lumped K EN

o \
7, =R =22 Q “oeq, -8 Element Model o

Normalized RF Link Gain (dB)

)
Normalized RF Link Gain (dB)
4

0 10 20 30 40 50 0 120 30 4 30
Microwave Frequency (GHz) Microwave Frequency (GHz)

Fig. 4. Effect of low-impedance terminator for TW-EAM (solid lines) andig- 5. Validity of (13) for L-EAM checked by TW model.
L-EAM (symbol lines).

To compare the performance of a TW-EAM and an L-EAM, gm
the same 0.2-mm-long standard EAM waveguide is assumed 5 40
in both cases. This implies that they possess the same optical E
. . _ E 50Q
and microwave properties. Also assutlg, = Z;, to ensure 2 0
el IMQ i

a fair comparison. For the standard EAM waveguide, it is
shown in Section IV thatf,, = 0.1 to 1 nH/mm,C,,, = 1.2
pF/mm, Reon = 3.5 @mm~1.-GHz /2, Rg = 1 Q-mm, 02 04 06 08 10
Ro = 106 ©mm, L = 0.2 mm, andZs = 50 . To calculate Inductance (nH/mm)
the frequency response for the resulting TW-EAM, first ugélg. 6. TW-EAM bandwidth versus waveguide inductance with different
(8) and (9) to obtainZ,,, «,, and 3,, then calculate the fermnatrs.
frequency dependerdis, I';,, and 7. The above results are
substituted into (4) and (12) to calculate the normalized lirtke 63xm-long L-EAM, since the optical absorption is more
gain. The frequency response for the L-EAM can be simpbjistributed.
calculated using (13). The respective calculated modulatorAt 50 GHz, with n, = 7, the microwave wavelength is
frequency responses are compared in Fig. 4. It is found the800 zm. The 200zm waveguide length is one quarter of
with R,;, = Z; = 50 , the frequency responses are verthe wavelength, which means the microwave voltage is very
close for both modulators. They both have approximatediifferent along the whole waveguide. This is enough to make
22-GHz bandwidth. However, in Fig. 4, wheR,;, and Z; the TW effect significant.
are reduced to 222, the TW-EAM has significantly better In Fig. 6, the effect of waveguide inductance on TW-EAM
performance than the L-EAM. In this case, the TW-EAM has kandwidth is investigated. WheZi;, > 50 ©, the waveguide
bandwidth of about 50 GHz, whereas the L-EAM has only 3@rductance has little impact on TW-EAM bandwidth. How-
GHz bandwidth. About 4.2-dB low-frequency gain has beegver, whenzy, = 22 Q, in the L,,, range of 0.1-1.0 nH/mm,
sacrificed in both cases as the penalty for broader bandwidgiger L, will yield larger bandwidth, and the TW-EAM

In the above calculation for the L-EAM using (13), effect®andwidth is always larger than the bandwidth of the L-EAM.
of inductance and conduction resistance are ignored. Thig?hotocurrent generation is inherent in EAM devices. It was
may cause inaccuracy. The TW model can be used to ch&&ewn in Section IV that this current path could significantly
the validity of (13). In the 20Q:m-long L-EAM, both 50- alter the waveguide microwave properties at high input optical
Q RF source transmission line and 22:shunt resistance Power. Fig. 7 shows that when high optical power causgs
are connected at the middle point of the waveguide. It 1§ drop to 20§2-mm, the TW-EAM low-frequency gain drops
equivalent to two 10Qsm-long TW-EAM in parallel, with 1-5 dB, but the bandwidth increases from 50 to 67 GHz. This
each TW-EAM source port connected with 100RF source IS because at lower frequenay/wC,, is large compared with
transmission line and 4@-shunt resistance, and the terminatoffo, S0 that the ac photocurrent througi is larger causing
port left open. In this casd; and['s in (4) should be carefully larger microwave loss. This flattens fche TW-EAM frquency
evaluated I # 1 — I's). The calculation results are plotted inf€SPonse and increases the bandwidth. Even thdfaghis

Fig. 5, which shows that the inaccuracy of bandwidth fromot constant throughout the waveguide due to the fact that
(13) is only 1 GHz. the absorbed optical power decays exponentially along the

To make a 50-GHz bandwidth L-EAM, a 63n-long active Wf';lveguide, it can be expected that the TW-EAM bandwidth
waveguide was used in [1]. Since a f8-long waveguide is Will not be reduced by the large photocurrent.
difficult to handle, a selectively regrown passive waveguide . .
section was integrated. Compared with the 200-ong stan- B- Reducing Modulator Capacitance
dard L-EAM, this 50-GHz L-EAM has sacrificed10 dB RF Another approach for implementing a TW-EAM is to make
gain, which is~6 dB larger loss than that of the TW-EAMthe modulator capacitance per unit length, smaller. This
device in Fig. 4. Furthermore, the optical saturation powdrcreases the modulator impedance and the microwave phase
for a 200um-long TW-EAM should be much larger thanvelocity, and both the microwave phase index and the atten-

<
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-4 Microwave

Fig. 9. Schematic diagram of modulation distributed TW-EAM.
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0 10 20 30 40 50 60 70 . . .
Microwave Frequency (GHz) [16] and an electrooptic modulator [17]. Fig. 9 illustrates the

concept for a TW-EAM with modulation region periodically

distributed. Generally, to ensure that the optical waveguide
capacitance is negligible compared to that of the microwave
transmission line, the modulation sections should be much
shorter than the passive sections in the optical waveguide.
Using this approach, the microwave transmission line can be
separately and independently designed to achieve very small

Fig. 7. Effects of high optical power on TW-EAM performance.

'
L

'
L

Normalized RF Link Gain (dB)

’ Ry=25 0 microwave attenuation. Excellent impedance matching with 50
ol i 2 and excellent velocity matching with an optical waveguide
o can be possible for ultra large modulation bandwidth operation.
n" However, special care must be given to the optical waveguide
20 40 60 80 100

design, as is discussed in the following.
If the optical confinement factoy for the absorption layer
Fig. 8. Frequency response for a TW-EAM with:8a waveguide width and in the modulation section is made very small, efficient mod-
0.5:m intrinsic region thickness. Symbol line is for L-EAM. ulation might require a very long optical waveguide since
the optical absorption coefficient is not very large for a well-
uation loss are reduced. Therefore, by makitig smaller, designed EAM. This very long optical waveguide can result
all the critical design issues relevant to the TW-EAM cain large optical propagation loss. However, if a larges
be relieved. However, it is difficult to reduc€),, without used with a structure that uses the same optical waveguide in
sacrificing the RF link gain. To reduc€’,,, one has to both the modulation and passive sections, the passive sections
either increase the intrinsic layer thickness, which will makeill contribute significantly to the optical propagation loss.
the modulation voltage less efficient (ds,/dV, becomes A different optical waveguide geometry for modulation and
smaller), or reduce the waveguide width, which increases tpassive sections can be designed so thds large in the
microwave conduction loss and perhaps adds optical couplimgdulation sections, and no significant residual absorption
loss between the EAM and the fiber pigtails. Although theccurs in the passive sections. For this approach, care must
modulation efficiency will be sacrificed, this approach coulde given to minimize the accumulating mode coupling loss
extend the TW-EAM bandwidth to 100 GHz. between the different sections in order to realize an efficient
Consider a 0.2-mm-long InGaAsP-InP TW-EAM witéB- TW-EAM.
pm-wide waveguide and-0.5-:m-thick intrinsic absorption
region. With this structure the modulation efficiency will not be VIl. SUMMARY

significantly sacrificed, an@’,,, will decrease te~0.72 pF/mm From the analysis presented in this paper, a high-efficiency

according to Section IV. Using, = 0.5 hH/MM, C, = 0.72 " yrajarge-pandwidth TW-EAM is feasible. The TW-EAM
PF/MM, Reon 6: 3.5 femm— GHz  Bs = 1.9mm, o0 have similar low-frequency RF link gain as the L-EAM
and Ro - 10 Qmm th_e calculgted modulator frequenc3(/\/hile maintaining a large modulation bandwidth. Photocurrent
response is plotted in Fig. 8. It is seen that the TW-EAMa o ation at high optical power can slightly improve the TW-
bgndmdth is 100 GHz withzy, = 25 €, whereas the L-EAM EAM bandwidth although it has the effect of lowering the RF
with the same structure anfly;, = 25 € only has 45-GHz i qain Additionally, carrier transit time effects do not limit
bandw!dth. If L,,, is larger than 0.5 nH/mm, the TW-EAM the bandwidth of a TW-EAM as is the case with a p-i-n PD.
bandwidth can be extended beyond 100 GHz. Due to the optical propagation loss, the optimal modulator
length is found to be 0.2—0.3 mm. A longer modulator length
is not suitable in view of both bandwidth and RF gain
A third approach to realizing the TW-EAM involves dis-considerations. Based on this, three TW-EAM approaches
tributing the modulation region. It is possible to use separdtave been examined. The low-impedance matching approach
RF transmission lines to feed the microwave signal discretaly the easiest one, and can extend the electrical bandwidth
to modulate the optical waveguide. In this case, the desigm above 50 GHz. Optimizing the waveguide structure and
for the microwave transmission line is decoupled from theducing its capacitance per unit length, bandwidths beyond
design of the optical waveguide. A similar approach has be&80 GHz are achievable at the expense of sacrificing some
investigated for a velocity-matched distributed photodetectBf link gain. Distributing the modulation region and using

Microwave Frequency (GHz)

C. Distributing Modulation Region
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a discrete transmission line could lead to an even larg@B] K. K. Loi, X. B. Mei, J. H. Hondiak, K. N. Cheng, L. Shen, H.
modulator bandwidth, but the optical waveguide design needs
further investigation.
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