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Broad-Band External Modulation Fiber-Optic
Links for Antenna-Remoting Applications

Edward I. AckermanMember, IEEE,and Afshin S. DaryoushSenior Member, IEEE

Abstract—We present a 6-12-GHz external modulation fiber- agrees well with the performance predicted by the model,
optic link with a spurious-free dynamic range (SFDR) of 65.5 attesting to its usefulness.
dB-MHz?/3. This result validates an analytical model for external Lastly, we describe a link architecture which differs from

modulation link performance which we have updated from a .
previously published model to account for the use of a traveling- the one most often proposed for antenna-remoting systems. We

wave external modulator. Using the revised model, we compare US€ our modeling capability to show that this alternative link
the expected performance of two different link architectures. architecture can lead to improved performance at microwave

Index Terms—Modeling, noise, nonlinearities, optical fiber and millimeter-wave frequencies.

communication, optical modulation/demodulation, optoelectronic

devices.
Il. EXTERNAL MODULATION LINK PERFORMANCE MODEL

At the input to an analog fiber-optic link, a microwave or

millimeter-wave signal modulates the optical carrier which is
HE near-zero dispersion and attenuation characteristicstofpropagate in an optical fiber. The carrier is preferably a
optical fiber render it an attractive medium for microwav@avelength such as 1.3 or 1.58n, at which commercially

and millimeter-wave antenna remoting. However, to meavailable optical fiber has low attenuation and dispersion. At
the dynamic range (DR) requirements of SATCOM antenrihe other end of the fiber, the modulating signal is retrieved
systems, the design of a millimeter-wave fiber-optic remotirfgom the optical carrier and electronically coupled to the output
link must begin with proper choice and optimization of thef the link.
electro-optic transducers. The ability to accurately model anin [6], we have derived a model for the analog performance
analog fiber-optic link's broad-band performance leads uf an external modulation link. That model was valid only for
prudent device selection and optimization. frequencies at which the electrodes of the modulator could be

Currently, external modulation links can outperform diregnodeled as lumped elements—that is, for frequencies at which
modulation links across broad microwave and millimeter-wavbe electrical wavelength was much greater than the electrode
frequency bands, because the lasers having the lowest néésmyth. We later expanded this model [7] to account for the
optical output are ones that cannot be directly modulated effects of nonquarter-wave bias operation. In the analysis that
these frequencies. Several investigators have presented mofidiiews, we further generalize the model to account for use of
for links using Mach—Zehnder interferometric external modwa modulator with traveling-wave electrodes [cf. Fig. 1(a) and
lators [1]-[5]. In this paper, we update a model [6] which com(b)], which is necessary for external modulation of an optical
bines the most useful features of these, allowing prediction cdrrier at millimeter-wave frequencies.
broad-band external modulation link performance for a broad
range of conditions, including: 1) traveling-wave modulatog. Traveling-Wave Modulator

electrodes with any characteristic impedance, any complex]_he electrodes of a traveling-wave modulator (in which

r i ination i ; 2 . o ;
propagation constant, and any termination impedance; 2) ar]éctrode length is a significant fraction of, or greater than,

passive impedance matching technique; 3) any modulator b )
voltage, and; 4) any microwave or millimeter-wave frequenr\:ﬁ%e RF modulation wavelength) can be modeled as a trans-

I. INTRODUCTION

(inside or outside the bandwidth set by impedance matchin ISS'zn. line dOf czzaralc:t_erlsltlct; |mﬁedan<&d_tfr_?|rt1actied_ by_t
where device parameters are known. We present the meas egad Impedancez:. F1g. (b) shows a distributed circui

performance of a 6-12-GHz external modulation link, Whicmoqel for a ge-ne.rahzed coplanar electr-ode structure con-
sisting of IV periodic phase-reversed sections. The electrode

. hase-reversin hni i
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Fig. 1. Analytical model of external modulation link. (a) Schematic diagram. (b) Equivalent circuit of impedance-matched modulator in theaoptioékt.
(c) Equivalent circuit of impedance-matched detector in the optical receiver. (d) SFD for optical transmitter. (e) SFD for optical receiver.

where the electrical propagation constant has real and modulating the optical carrier in one path relative to the
imaginary partsy. andjg.. Most external modulator modelsother and interferometrically combining the two paths. For
assume electrodes with negligible loss (i.kx.| < |3:]) a traveling-wave Mach-Zehnder modulator, the unmodulated
and a characteristic impedance equal to the terminati@W optical output power and the magnitudes of modulated
impedance. In general, these are seldom accurate assumptoutput power at fundamental frequency and third-order-

for traveling-wave modulators operating across broad rangatermod frequency@w. — w; are, respectively,

of microwave and millimeter-wave frequencies. Modeling the

traveling-wave modulator thus requires thagt, Z;, a., and Popy(DC) = Ly, Ppcos? <7T_Vb - E)
(3. be determined from its equivalent circuit, which is obtained 2V, 4
by selecting logical element values for the model so that its _ LyPp 1+ 7V 3
impedance yields the reflection coefficient of T s (3)
g
Zy(Le) — Zo 2A(w1)vm 2A(w1)vm
= Py =LyP
I Zoi(L) T 7o (2) pi(w1) = Ly PrJo - J1 -
This reflection coefficient is de-embedded from a measurement % COS <7T_Vb> (4)
of the scattering parameter at the packaged modulator's RF Va
input port. In (2), L. is the total length of the modulatorand
transmission line. Note thaf,,; at any frequency is unaffected 2A(2we — wi vy
: ) 2we — =LyP
by the phase-reversal process (and is, therefore, mdependFe)?ﬁt( wa = i) ulrdy 7r
of N). How the phase-reversed electrode structure affects the 2A(2wy—w1 )uns s
modulator transfer function is via the relationship between the X J2< T )COS<7W>- ()

optical power output and the voltage input.

In Mach—Zehnder modulators, a coherent optical wave lis (3)—(5), Py, is the optical power coupled into the modulator,
split into two paths; intensity modulation is achieved by phasé~, is the modulator's optical insertion loss, ang is its
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dc half-wave voltage. We defing, = 0 as the quarter-wave As was shown in [6], small-signal approximations of the
bias voltage, and/y, J1, and .J> denote the ordinary BesselBessel functions are used to calculate the link gain. For small
functions of the zeroth, first, and second order, respectivety,; (compared toV,), (4) above reduces to

The effects of the traveling-wave electrode structure and the

phase-re_vers_al process are represented in theAésn which Popi(w) = Afwy) var L Prcos <7r_vb> (9)

was derived in [9] from Alferness’s equations [8] g

™

7127 eo 1 which is analogous to an expression in [6] which was applied
T 26N Zy(w, Le) in the lumped-element modulator case (and as such did not ac-
oo _— count for the effects in thel(w) term). Expressions derived in
% {Z (_1)m/ Zni(w, 2) cos(f.62) dz}. this paper for a traveling-wave modulator yield the following
revised equation for the small-signal gain of a traveling-wave
(6) modulator-based external modulation link

Alw) =

m=0 Zm

2
In this equation,n,, is the optical refractive index of the  _ <A(w)LMLFKFD77DPL|HD|Zo>

modulator electrodesy;; is the electro-optic tensor in the T
external modulator material (with units of - 1), G, is the |So107|2|S210)%|1 + Tar)? 5 (V5
inter-electrode gapl'., is the overlap integral between the X |1 = Saom a1 = S11plsp|? <7ﬂ) (10)
applied electric field and the optical mode, ani the optical
wavelength. The “walk-off” coefficient is defined as follows: p_Noise Analysis
f=1— o ) Analytical determination of the link noise figure (NF) re-
VEett quires calculation ofV,,¢. rx, the noise power at the output of

where the effective dielectric constant of the transmission li the link at the modulation frequenciou:, rx IS the total of: 1)

. . , the optical transmitter’s thermal noise; , the
e is calculated from known and measurable characteristicd? X opti e Ay, rx,
optical receiver’s thermal noise; and B8),;,, the noise arising
of the modulator electrodes. The terms and ;; are also

known for any modulator substrate,, z,, and Z, are from optical generation and detection of the signal, i.e.,
easily measur,ed, amZC, e, anq 3. are determined from Nowt,rx = Ninrx + Niwrx + Nop (11)
the modulator’s equivalent circuit model.

where it has already been shown [6] that
B. Detector

2
The detector in the optical receiver module [Fig. 1(c)] is a v/ <Ut2h,TX>BZth,J\4 a

revers_e—blased photodiode W|th_ res_|sta_|ﬂ23eand (_:gpacn_ance th,TX = Zewnt + Zo "Zo
Cj;. Itis coupled to the output circuit with parasitic resistance
Rp and inductancel p. In our model, we assume that the AkpTB|Zwy v |*(Zo +ReZu i)

. h - , = : —G  (12)
detector dc bias voltage is sufficiently large to ensure that it | Zonasr + Zo|*Zo
doesn’t impose an upper limit on the link’s RF power handling 2
capability. \/ <Ut2h,RX>BZ0 1

The ratio of detector photocurrenfp to Fuy IS Nnrx = Zao + Zo ’ Z—o
LrKrpnp|Hp|, where Lr is the attenuation loss in '
the fiber and at any fiber connectot&p is the fiber-to- _ 4kpTB-ReZw,p - Zo (13)
detector coupling efficiencyy is the detector responsivity, | Zn,p + Zo|?
and|Hp| is the detector frequency response, given by g
an
1
|Hp* = ————3 ) )
1+ [m] Nop = S [LrKvpnp Pout (DC)|*RIN(w) + 2eLr K¥p7D
o ) ) g P2

where the b|'as dependent tefinys is the frequency at which % Pops (DC) |S21p| _BZ, (14)
the detector’'s responsivity to incident RF-modulated optical |1 — S11pl'sp]

power falls off by 3 dB relative to the dc responsivify. . . . )
In these equationsZ, is the impedance of the input and

output of the link, RIN(w) is the laser's relative intensity

noise (RIN),e¢ is the electronic charge, and the detector’s dark
The small-signal gain of an external modulation link emcyrrent is assumed to be negligible. All other terms are defined

ploying a lumped-element modulator was derived using thgeviously or in Fig. 1. Using (11)—(14) to determifg,. rx,

signal flow diagram (SFD) technique in [6]. The majority othe NF of the link is calculated as follows [6]:
that analysis holds for the traveling-wave modulator case as

well. All changes to the model in [6] resulting from the use NF = Nout,RX' (15)
of a traveling-wave modulator are embodied in (1)—(8). kT BG

C. Gain Analysis
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Fig. 2. Equivalent circuit model of external modulation link optimized across a wide microwave bandwidth (6-12 GHz). (a) Equivalent circuibafiect
modulator-based optical transmitter. (b) Equivalent circuit of p-i-n photodiode-based optical receiver. (c) SFD of electro-optic modethtopiim
transmitter. (d) SFD of p-i-n photodiode-based optical receiver.

E. Intermodulation Distortion Analysis a broad microwave frequency band (6-12 GHz). All link

The upper limit to spurious-free DR (SFDR) of an externdeasurements were performed at the mod_ulator’s quarter-
modulation fiber-optic link is the third-order intercept inpufV@ve voltage(V, = 0), the modulator's bias-dependent
power Py, ine, for which the output powers at the fundamentdt€havior modeling having been established in [7].
and third-order intermodulation frequencies are eq¥gl.in
was derived in [6] for the lumped-element electrode case.

The only difference which must be taken into account whek Device Selection and Modeling
a traveling-wave modulator is used instead is the modified 5, LiINbO; Mach—Zehnder device manufactured by

argument of the Bessel functions, resulting in uniphase telecommunications products (UTP’s) is selected
_ 72|1 — Soomar)? (16) as the external modulator. This modulator has achieved a
it ol AW [Sam P + Tn 220 bandpass response between approximately 1-19 GHz by
) using a two-section phase-reversal traveling-wave electrode
This parameter and the NF together set the SFDR [6] 8gycture, and exhibits a 29-dB extinction ratio when TE-
follows: polarized light at A\ = 1.3 pm is launched into its
3 polarization-preserving input single-mode fiber pigtail. Its
) (17) dc half-wave voltageV, is measured as 4.4 V. For the
detector an InGaAs p-i-n photodiode is selected with a
dc responsivity ofnp, = 0.80 A/W and a measured 3-dB
modulation bandwidthfs 45, of 9 GHz when reverse-biased
To assess the validity of the model, we compare its prat 20 V. The photodetector is mounted in a standard microwave
dictions to the measured performance of an experimentast fixture to enable de-embedding its impedance out of the
external modulation link. This section describes a link usingeasured scattering parameter of the device in the test fixture
a traveling-wave modulator designed for operation acrofs.

-Pin int
FDR=[ ———
SEDR < ks T BNF

I1l. EXPERIMENTAL VERIFICATION OF THE MODEL
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TABLE |
SUMMARY OF THE BROAD-BAND MICROWAVE EXTERNAL MODULATION LINK PERFORMANCE AT 6, 9, AND 12 GHz.
MEASURED AND MODELED ResSuULTS ARE GIVEN

Frequency (GHz) 6.0 9.0 12.0
Gain (dB) Model -31.8 -30.7 -36.2
Measurement -31.0 ~31.3 -35.5
Noise Figure (dB) Maodel 44.8 457 48.0
Measurement 46.0 475 50.0
Spurious-Free Dynamic Range (dB in 1 MHz) Model 65.4 64.8 63.4
Measurement 66.7 66.9 65.5
Equivalent circuit models of the electro-optic modulator andchs Mems  10g Mas 5 d8/ REF —40 dB 2 -31.251 ae
detector are obtained by using SuperCompaxfit values of ea S|-000 4§00 0do GHz
Lpn, Rpy, and Z; for the modulator [cf. Fig. 1(b)] and;,
R;, Rp, and Lp for the detector [cf. Fig. 1(c)] to the de- ¢®¢
embedded impedances of these devices. The equivalent circuit
models have made it possible to determine how th&50put | r~—~——T1——J1= {22:“\
and output microstrip transmission lines in the modulator and S
detector packages, respectively, could be altered to yield a SN
link insertion loss characteristic which is as flat as possi- - S
ble across the link-design frequency band of 6.0-12.0 GHz. \\\
Fig. 2 depicts the equivalent circuit models of the reactive \
impedance-matching circuits optimized in this way. Return
losses of 13.5 and 6.3 dB are measured at 12 GHz for the
traveling-wave modulator and detector, respectively, when the
circuit component values are adjusted to achieve optimum gain
flatness.
In order to maximize the performance of the external START 5.000 000 000 BHz STOP 25.000 000 000 GHz

modulation link, a single-mode fiber-pigtailed Nd:YAG Iase":ig. 3. Insertion loss of the experimental external modulation fiber-optic link

with 40 mW of optical power at\ = 1.3 um is used as when the modulator is biased at the quarter-wave voltige= 0. The

the optical source. The laser and the optical receiver dpgasured result is shown along with the performance predicted using the

optically coupled to the modulator’'s input and output fiberé‘?Odel'

respectively, and the input optical polarization is adjusted to

maximize the ratio of optical power measured at the “on3-dB rolloff frequencies at about 12 GHz, and peak at roughly

and “off” modulator voltages. At the quarter-wave bias poirfl GHz. The curve shapes also track fairly well, showing that

(Vs = 0), a dc photocurrent of 5.2 mA is measured. the model serves to adequately predict the performance of a
The frequency-dependent parameRiiN(w) is calculated broad-band microwave link.

from an optical noise power measurement using an RF specUsing (11)—(15), the link's noise is calculated at 6, 9, and 12

trum ana|yzer with an optica| input port_ The equiva|er@HZ. The NF was also eXperimenta”y determined USing an RF

circuit models of the optical transmitter and receiver modulé¥ise measurement setup described in [6]. As listed in Table I,

are used to determine values for all the other frequendfte NF measured at 9 GHz is 47.5 dB. This nearly matches

dependent parameters—namély, Z, [Sijn], Zunars [Sijn), the analytically determined 9-GHz NF result of 45.7 dB.

and Zinp—at frequencies between 5-15 GHz. These pa- The two-tone intermodulation distortion of the link is mea-

rameters, along with those indicated in Fig. 2, are used syred at two third-order intermodulation product frequencies

(1)-(17) to predict@, NF, and SFDR for the experimentalsurrounding microwave carrier frequencies of 6, 9, and 12

link. GHz using an experimental setup described in [7]. Table |
lists the SFDR determined from these measurements, as well
B. Link Measurements as the DR predicted by the link model. The tendency for the

i model to be somewhat pessimistic in its SFDR predictions, as
Table | summarizes the measured performance of the &fown in Table I, could be due to the difficulty with which

SerlmdthZaIG(;xternaldmodulat|on_I|nk r"’]‘t threfe frequenme(sj_—gl ctrical parasitic parameters are pinpointed in the optical
»an z—and compares it to the performance predicleg, ¢ niver and receiver equivalent circuit models. In fact, at

by the model at these frequencies. For the quarter-wave Bigs nicrowave frequencies above 6 GHz, inductance errors of
voltage (V;, = 0), the insertion gain predicted by the mOdeiess than 0.1 nH and line-length errors of less than 0.1 mm are

IS plotteddln F,'g' 3 alongside thlf |nS(|art|on ga|rr11 of the I'nkh, fficient to cause significant discrepancies between a physical
measured using an RF network analyzer. Both curves exhillice's or circuit's behavior and that of its equivalent circuit

1SuperCompact is a trademark of Compact Software, Inc., Paterson, Nimodel.
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Fig. 4. Example of how using the T/R-level data-mixing architecture enables millimeter-wave link performance which can only be achieved at much lowe
microwave frequencies if the conventional CPU-level data-mixing architecture is used.

V. TRANSMIT/RECEIVE MODULE-LEVEL the external modulator to function at RF frequencies beyond
DATA-MIXING ARCHITECTURE the walk-off frequencies of most currently available devices

Most antenna-remoting system architectures use mixers(@iSing from the microwave optical-wave velocity mismatch)
down-convert RF signals to IF frequencies at the output gfd @lSo demands a high-bandwidth detector with large power-
the coax-cable or fiber-optic remoting links (i.e., at the centr3fndling capability. _ _
processing unit (CPU) level). Down-conversion can also be Ihe T/R-level data-mixing approach imparts design flex-
performed at the transmit/receive (T/R) module level [10fPiliy in that the 3-GHz RF bandwidth around a center
Detailed block diagrams of the CPU-level and T/R-level datieduency of 33 GHz can be achieved using any combination
mixing architectures have been presented elsewhere [11].0ff7@row-band LO and broad-band IF fiber-optic links whose
the more conventional CPU-level data-mixing architecture, tigduencies add up to 31.5-34.5 GHz. Fig. 4 shows the 6-12-
single-sideband (SSB) mixing of an IF or baseband signgfiZ link described above being used from 6 to 9 GHz as the
(with frequency/fir) with a local oscillator (LO) (at frequency IF link in conjunction with a narrow-band 25.5-GHz LO link.

fr0) generates the transmit RF sigifdlo + fir). The same < I mixer technology is likely to reach the point where

LO at the CPU can be used to down-convert the receivgdCan be assumed that the range of the resulting RF output

RF signal. In the T/R-level data-mixing architecture, the higlt°WVe's from the mixed outputs of the IF and LO links will

frequency LO and IF data signals are separately imposed %essentiallly that of the IF IinI_<. Thus, T/R-level data mixing
two optical carriers, and are mixed at the antenna end %quld resultin 31.5—34.5-GHz_I|nk performance approximately
the link to construct or de-construct the desired RF signﬁquaI to that of a 6-9-GHz link.
Thus, the performance of the LO link need only be optimized
at a single high frequencyfio), and the IF data can be V. DISCUSSION AND CONCLUSIONS
relayed efficiently and with low noise by a lower frequency For antenna-remoting applications at millimeter-wave fre-
microwave fiber-optic link. This usually results in improvedjuencies above the rated bandwidths of commercially avail-
RF performance, especially in cases where the desired Rifle electro-optic devices, it is expected that higher per-
frequency band is exceedingly high, broad, or both. formance will be obtained using the T/R-level data-mixing
Fig. 4 renders as a function of frequency the inpuwrchitecture. Compared to the CPU-level data-mixing archi-
third-order intercept power, output noise power, angcture, T/R-level data mixing requires that a mixer be located
SFDR—calculated using our analytical model—whiclat the antenna along with a LO (unless the LO is delivered by a
can be achieved using the components of our 6-12-Gldeparate fiber-optic link). The payoff, however, lies in the fact
experimental link in the conventional CPU-level data-mixinghat by using the nonlinearities of the modulator, detector, or
configuration. The measured DR of the 6-12 GHz link imixer, much higher modulation frequencies can be obtained.
also shown. For instance, at the antenna site, a millimeter-wave transmit RF
Following through an example of a link using T/R-levekignal can be constructed by mixing the optically fed IF signal
data mixing illustrates the advantages of this architecture. Mdéth annth-order harmonic of the optically fed microwave LO
an example of SATCOM applications, a 31.5-34.5-GHz link i@ising the mixer’'s nonlinearity to both up-convert and mix).
considered. Fig. 4 illustrates the extent to which performantethis way, the IF link can be operated at modest microwave
is sacrificed at these frequencies when the CPU-level mixifrgquencies where the electro-optic devices exhibit efficient
approach is used, due to the fact that this architecture requiegsl low-noise performance characteristics.
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In conclusion, we have expanded previously publishe@] B. Kolner and D. Dolfi, “Intermodulation distortion and compres-
external modulation fiber-optic link performance models [6], ~ Sion in an integrated electrooptic modulatoAppl. Opt, vol. 26, pp.
2 dict the broad-band perf lting f he, 3676-3680, 1987.
[7] to predict the road-band performance resu ting from thes; ¢ cox Ill, G. Betts, and L. Johnson, “An analytic and experimental
use of a modulator with traveling-wave electrodes. We demon- comparison of direct and external modulation in analog fiber-optic

strated the usefulness of the model by showing that it predicted links.” IEEE Trans. Microwave Theory Tecfvol. 38, pp. 501-509,

. ’ May 1990.
fairly closely the measured gain, NF, and SFDR of a 6-12f] A Daryoush, E. Ackerman, N. Samant, S. Wanuga, and D. Kasemset,
GHz link which employed a LiNb@ traveling-wave external “Interfaces for high-speed fiber-optic links|EEE Trans. Microwave

; : _ Theory Tech.vol. 39, pp. 2031-2044, Dec. 1991.
modulator. Finally, we used the model to compare the flberm E. Ackerman, S. Wanuga. D. Kasemset, A. Daryoush, and N. Samant,

optic link performance enabled by two architectures—CPU- " “Maximum dynamic range operation of a microwave external modula-
level data mixing and T/R-level data mixing. Assuming thatwe  tionlink,” IEEE Trans. Microwave Theory Techrol. 41, pp. 1299-1306,

P, ; ) : Aug. 1993.
were not limited by the mixer's performance, we analytically 8] R. Alferness, “Waveguide electrooptic modulator$EEE Trans. Mi-

showed that the T/R-level data-mixing architecture woul crowave Theory Techvol. MTT-30, pp. 1121-1137, Aug. 1982.
enable millimeter-wave link performance which can only beldl E. Ackerman, “System-level performance evaluation of microwave
. . . . fiber-optic links,” Ph.D. dissertation, Dept. Elect. Comput. Eng., Drexel
achieved at much lower microwave frequencies if the CPU- ;. Philadelphia, PA, 1994.
level data-mixing architecture is used. [10] K. Wiliams and R. Esman, “Optically amplified downconverting link
with shot-noise-limited performancelEEE Photon. Technol. Leftvol.
8, pp. 148-150, Jan. 1996.
[11] R. Saedi, W. Jen, N. Samant, A. Daryoush, D. Sturzebecher, and
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