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Design of Modified Phase Reversal Electrode in M sections of equal length. Mathematical analysis yields a set of
Broad-Band Electrooptic Modulators at 100 GHz M-elements second-order nonlinear equations that is then solved by

. . . Newton’s iteration method. The figure of me@, can then be com-

Kwok-Wah Hui, B. Y. Wu, Y. M. Choi, J. H. Peng, and K. S. Chlangputed. Here() is defined as the ratio of the BVR for an electro-optic

modulator with A/ sections of electrodes to that of a conventional

Abstract—An analysis is given on the modified phase reversal structure electro-optic modulator (with only one section of electrode).
of electro-optic modulators. It is shown that the bandwidth to half-wave

voltage ratio (BVR) increases with the number of phase reversal sections.
Under the assumption that the number of electrode sections i3/, a set Il. ELECTRODE STRUCTURE

of M-elements second-order nonlinear equations has been derived and Fig. 1 sh th h tic di fafi fi h d
solved by Newton's iteration method. The calculated results provide the Ig. 1 shows the schemauc diagram or a Tive-section phase mod-

optimum overlap integral for each section of a phase reversal modulator ulator. An electrode of lengtih is divided into M sections of equal
in order to “flatten” the frequency response of the device. length. The length of each sectidnjs, therefore, equal td /A . This
structure employs a simple step function and provides a flat frequency
response. The electro-optic overlap integral at dhesection isl;
wherei = 1,2,---, M. In general, different sections af have
different I'; since the relative position between the central line of
The bandwidth of integrated electrooptic modulators is limitethe electrode gap(, and that of the optical waveguide varies in
mainly by the transmission attenuation and the mismatch between #iéerent sections. The relative position between the central lines in
optical and microwave velocities [1]-[3]. To increase the bandwidteach section, however, is constant. This type of electrode pattern is
the length of the electrode needs to be reduced. This will, howeveslled the step electrode structure.
in turn increase the half-wave voltadé, [4]. In the past few years, a
number of modulators have been built using techniques such as “thick m
electrode” and “ridge structure” to eliminate the velocity mismatch ] . ) )
between optical and microwave signals [5], [6]. Although in these For a phase reversal structure_ in which the_ mlcrowave_phase is
modulators the length of the electrode can be increased to maximigiersed at the end of each section, the total induced optical phase

the response of the device, their electrode structures are rathigift ¢ is given by [8]

Index Terms—integrated optics, optical modulators, optimization.

|I. INTRODUCTION

M ATHEMATICAL ANALYSIS

complicated and would be more difficult to fabricate. An alternative to L M ) )
@(f) — 1 Zr [677(171)1) _ 7711’)] (1)
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r electro-optical coefficient of the crystal; From (4), (8), and (9)
E, amplitude of the microwave modulating electric field; ) 1 sin (9/2)
A optical wavelength; ) =35 6727 (4* + B?)
L electrode length; ( ‘ M1
~y = a + j3' propagation constant; _ 2(1 ~ cosb) Da+ 9D; cos(if
o attenuation coefficient; M>62 Z (i6)
3 = 27 f(n.. — n,)/c phase constant; 5 M
T effective refractive index for the modulating microwave; = — |G+ ZG cos(if) (10)
¢ velocity of light in free space. M=o i=1
Assuming thatx = 0, the overlap integral’; is given by where
4oo oo 5 r G, 7 [ D, —D; 1
FEoi(z,y)[e(z,y)] deds o
l:g’f, f+ " (2, y)[e(x, y)] dudy o (Du — 2D 4 Dy)
v = o = “le(z, y)]2dzdy . )
where . Gi | = |=(Dizi —2D;i+ Dity) (11)
G distance between the electrodes; . .
V voltage between the electrodes; : :
EB.i(x,y) transverse electric field distribution of the microwave G“;'f — —(Dnr—2 = 2Dnr—1)
at theith section; L Gu L —Dpi—1 i
2(z,y) transverse electric field distribution of the optical wave - D, A I MOXE T
at theith section. D, S XX
Putting : :
: = M_i o . 12
X, =T,/T, (2 D; S XX (12)
whereT’, is the maximum value among &ll*;)s so thai X;| < 1. : :
With o = 0, (1) can now be written as LDas—1 ] | XX
o(f) _ T, sin 3 (b/2) x ZY JIATb(i—1/2)] 3) Expandingd® by Fourier series in the regidd| < 31b, it gives
FL — M 3(b/2) A1 7N2 Al 12
g2 — (B1D) 4(31b) et L 1 n-rﬁ 13
Tosin 8'(b/2) -3 R Z( ) n2 Bib | (13)
= W(J‘L— B) (4) n=1
' As F2(8) = C%, for § < B1b and for the caselib = =, (10) can
where
" be written as
_ . Al . P ; _ n+1
A= ZXZ cos[3'b(i — 1/2)] 5) o | Z [ ) cos(nﬁ):|
=1
M 7”11 1
_ sl ’,,( s _ ) -
B = 2)&1 sin[3'0(i — 1/2)] (6) =2|G, + Z G, cos('nﬂ):|. (14)
= n=1
;o -1 /
¢ = tan” (B/4). ™ By comparing the coefficients ofos(nf), a system of second-
Putting ¢ = j3'b, the phase difference between the microwave aratder nonlinear equations with/ elementsX;, Xs,---, X3s can
optical wave after passing through from one of the section to the obtained. Forn < (M — 1), see (15), shown at the bottom of
other is represented by (4), which can now be written as the page. For each value @f, the values ofX; can be obtained
&(f) from (15). The overlap integrdrl; for each section of the electrode
FLT, = F(6). can then be calculated from (2). Hence, the frequency response and

That is, F(¢) is a function of the microwave frequency. The modulufhe half-wave voltage of the traveling-wave integrated electro-optic
of the complex functionF(é) is the frequency response of themodulator can be computed.
modulus of the normalized phase modulation index.

Now, let us consider a rectangular frequency response. It is ideal if IV. NUMERICAL SOLUTIONS
9 q y resp
IF(8)] = Cu, foré < sib ) Equation (15) represents a set of second-order nonlinear equations
0, for 6 < Bib | with M elements. For each value 8f, several groups of real roots
[ ZLMl X7 - Ziul P XiXi | [ T2 Cy M? /6 1
Z;wl =2 Zw ! 1\11\1+1 + Zw 2)&,1\1+2 '_)CLA/IQ

= RS (15)

ST XX o —92“ IX X+ 2T X X 2(-1)HCE M/

S XXz — 2X1 X L2(-1)M i M? /(M — 1) ]
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TABLE | NS
THE VALUES OF X; FORM = 3,5,7,9,13, AND 14 1. M=14
] = *iat.
M=3 ] M=5 | M=7 | M=9 | M=13 | M= 14 17 M=1Z
X, 1 0.2366 | -0.1236 | 0.1602 | 0.3527 | 0.3623 :
X, |-0.1366 | 0.4858 1 0.3210 | 0.4525 1 -0.6611 e :_;
X; | 0.1040 1 -0.7182 | 0.7840 | 0.9699 1 = T
X, - -0.7264 1 0.5125 | -0.2315 | -0.7991 172) -
X - 02717 | -0.6998 | -0.2099 | -0.5602 | 0.0108 Q ]
X, - - -0.9716 | -0.7365 | 0.4431 | 0.9373 = :
X; - - -0.4397 1 0.2285 | 0.8681 el
Xq - - - -0.5864 | -0.7660 | 0.1770 O
X - - - 0.1888 | 0.9226 | -0.0709 g ]
Xio - - - - -0.7311 | -0.0387 © ]
X - - - - 0.4477 | 0.0049 R :
X, - - - - -0.1919 | -0.0626 .5 —
X3 - - - - 0.0636 | -0.0703 ] o~
X4 - - - - - -0.0424 ] A
: ,.:;’i::" +¥]
X;(i =1,2,---, M) can be obtained. Here M. = S Ay n o R S A O
X = a,Coy M. Frequency (GHz)

) ) ) Fig. 2. Calculated frequency response of an electrooptic modulator with
In each group of solutions, there exists a root of maximum absolytease reversal electrode and with step electrode length equal to 1 mm.
value | X;| = | X |max-

In the design of the electrodes, this root was chosen as equal to

one. That is VI. HALF-WAVE VOLTAGE AND BVR
In (3), when3’b = 0, that is, a dc voltage is applied to the
| X |max = |@|maxCrr M = 1. (16) electrode, the normalized phase shift would be
) M M

Hence, the overlap integrall,;, of each section of the electrode can F(0) = o(0) _ 1 Xi=Coy S an 19
be obtained as follows: FLL, M ; ' ; (19)

= XTI =_% p (17) For a conventional electrode with lengthequals tob, the voltage

|| max needed for a phase changemofadians in the optical wave is

Using the Newton’s iteration method to solve (15) and finding out Vel = G (20)
the maximum absolute value, the valuesXdf are obtained. Table | ok,

shows the respective values &; whenM = 3,5,7,9,13, and14. where I, = FG/V.
For an M -sectioned electrode, if the length of each section is

(equals toL /M) with the design satisfies (17), the voltage needed

V. FREQUENCY RESPONSE ! . ; . .
) o for a phase shift ofr radians in the optical wave can be obtained
The length of each section of the electrode is giverbby L/M  fom (19) and is simplified as

where L and M have been defined in Section Il. For the case of

M
B1b = m, where3] = 27(f1)(n.. — n,)/c, and for anM-section . [ =G y v
electrode system, there will be a common cutoff frequericywhich (Va)ur = For, G M Zl e (21)
is given by B

It follows from (16), (18), (20), and (21) that the figure of me€,

C

f. = T W (18) for an electrooptic modulator with/ sections of electrodes is
Nm — No
. o=1/0 _ Vel _ o oy >
Equation (18) shows that the upper cutoff frequency of the modulator T A/ Ve (Vo M Z”’l
depends only on the length, of each section of the electrode and u " =t
the velocity mismatclin,, — no). It is independent of the number of _ Z“ /]l _ ZX_ 22)
sectionsM . The frequency responses of an electro-optic modulator - e

with the length of each electrode section equals to 1 mm are plotted . ) )
in Fig. 2 for M = 1,3,5,7,9, 13, and14. In Fig. 2, it is obvious that Where@ has been defined in Section I.

modulators with different values a¥/ have the same bandwidth if

the length of each section of electrode is equal. For the tAse 5, it VIl. OPTIMIZATION OF THE FIGURE OF MERIT, )

can be shown that when the OVerlap integral factors ﬁﬂp% from For a conventional modulator withf = 1 and from (1) and (20),
the ideal parameters as set in Table |, the flatness of the frequepgy), can be rewritten as
response only changes from0.525 dB to+0.463 dB. Concerning -G
the microwave loss, this can be reduced to 0.5 dB/Giz'/?) in (Ve = = )
the “real world.” Some can even be lowered to 0.24 dB/@hiz'/?). nor 'L
In this case, the variation of the frequency response will be less thaquation (23) shows thatVz): can be reduced by increasing the
40.5 dB. Therefore, the assumption @f= 0 can be made. length L. However, (18) indicates that increasing the length

(23)
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Fig. 3. The figure of merit versus the number of electrodes for
phase-reversal modulator.

will decrease the bandwidth of the modulator (as the upper cutoff

frequency, f., decreases with increasing the electrode lenbjh
Hence, there is a tradeoff betweéW. ): and f..

From (18) and (23), the BVR for a conventional modulator is

expressed as

cnz rTy

BV = —°
(BVR): 2(nm — no) NG

(24)

It is obvious that(BV R), is independent of the length of the

electrode L. Hence, it is impossible to increase th&V R); by

adjusting onlyL. In electrooptic modulator with step phase reversal

electrodes, th¢ BV R)r can be deduced from (22) as follows:

(BVR)w = Q- (BVR),. (25)
From (15), it can be shown that
M 2 M
D B Vel Y S NI Gk D
;a, _{M {6 2(1 ozt Qr- 17
1/2
+2 Code(ﬂ[)} (26)
where
Code(M) =0 whenM is odd
and
Code(M) =1 whenM is even.
S a; has a value of around one. Whed is odd, its value is
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1 whenM > 4. (BVR)us is greater thatBVR), for M > 4. This
means that fodd > 4, the(Vx)as required by the modulator with/ -
sections of electrode is lower thd# ), required by a conventional
modulator of the same bandwidth. The figure of mépitjs saturating

at a value of approximately two for 12 to 21 electrode sections. With
the observation thaf) is higher when}M is odd, we can choose
M = 7,11, and 13, etc. in the design of phase-reversal modulators.

VIIL.

The phase-reversal step electrode structure of an electrooptic
modulator with flat frequency response can be designed with different
overlap integrals that satisfy (15). Their real rodfs can be solved
numerically. From Fig. 2, the flatness of the frequency response
shows significant improvement dd increases. At frequencies less
than 72 GHz, the flatness of the curves is within0.3 dB. For
modulators of the same bandwidth but with different values\bf
the relative phase shifts are different. Whehincreases, the relative
phase shift increases. This implies tiatis lowered as\ increases.
From Fig. 3, the figure of meritY, increases a3/ increases. When
M =5,7.9,13, and21, the BVR'’s increase by 1.268, 1.632, 1.565,
1.950, and 2.022 times that of the BVR witlf equals to one,
fespectively.

C ONCLUSION
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greater than one. Whel is even, its value is less than one. Hence,
from (22), an electrooptic modulator with odd-numbered sections of

electrodes will have a larger value @f. For each value of/, there
are several groups of real roals; in (15). In order to obtain the

maximum value of) for eachM, a group of real roots with minimum

|a|max values are required

|(l/|n1ax = |.X |nwa‘x/C.7\/fAI-

Fig. 3 plots the maximum value @} for eachM versus the number

of electrode section3f. In Fig. 3, it is obvious thaf) is greater than




