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Abstract—Intersymbol interference (ISI) caused by intermodal In multimode fiber-optic links, for a given data rate, the ISI
dispersion in multimode fibers is the major limiting factor in the  effectively sets the limit on the achievable link distance, due to
achievable data rate or transmission distance in high-speed multi- 6 fact that it increases exponentially with the distance and thus,
mode fiber-optic links for local area networks applications. Com- . L .
pared with optical-domain and other electrical-domain dispersion dominates the other penalties |n_the link F’O_W‘ef budget. For ex-
compensation methods, equalization with transversal filters based @mple, Table | shows the effective bandwidth and achievable
on distributed circuit techniques presents a cost-effective and low- link distance in 10 GBASE-S base links in the IEEE 802.3ae
power solution. The design of integrated distributed transversal standard, running at 10.3125 Gb/s. It is evident that neither the
equalizers is described in detail with focus on delay lines and gain common FDDI-grade 62.5m multi-mode fiber (MMF) nor

stages. This seven-tap distributed transversal equalizer prototype . o . .
has been implemented in a commercial 0.1gm SiGe BICMOS 50-um MMF is capable of achieving practical distances. Even

process for 10-Gb/s multimode fiber-optic links. A seven-tap dis- though the latest laser-optimized pfa next-generation MMF
tributed transversal equalizer reduces the ISI of a 10-Gb/s signal (NGMMF) can achieve the same distance as in the previous gen-

after 800 m of 504:m multimode fiber from 5 to 1.38 dB, and im-  eration networks (300 m), any further increase in the data rate
proves the bit-error rate from about 107" to less than 10-=. would imply shorter distances. Furthermore, there is a need to
Index Terms—DBispersion, distributed circuit, equalization, utilize the huge installed base of multimode fibers.

fiber-optic communications, transversal filter. In order to reduce the dispersion effect, different methods
have been proposed and implemented in all three parts of a re-
|. INTRODUCTION generator span (transmitter, fiber, and receiver), and in both op-

) ) tical and electrical domains [4]-[6]. The main criteria for a good

I NTERSYMBOL interference (ISI) is a fundamentaljispersion reduction method are small power penalty (low loss),

I problem in digital communications in bandwidth-limitedyood integration with current networks, low cost, and adapt-
links. One such example are multimode fibers, which are hgjjity. The latter is important because: 1) dispersion is usually
dominant fiber type in LAN links (Gigabit Ethernet [1], Fibertime varying due to environmental change such as temperature
Channel [2]). In these links, the ISl is the dominant powejgriation and 2) dispersion is also related to fiber length, and
penalty in the link power budget and effectively sets the limifys, an adaptable solution would be faster, easier, and cheaper
for the achievable data rate or transmission distance. to implement and maintain.

The main source of ISI in a fiber-optic system is signal pulse |, the electrical domain, fiber dispersion can be compensated
broadening due to fiber dispersion. There are three types of digthe transmitter by pre-emphasis [7] or coding [8]. However,
persion in afiber-optic system: modal dispersion, chromatic digoth approaches lack adaptability. Instead, equalization at the
persion, and polarization mode dispersion [3]. In @ multimodgceiver is preferred, which is expected to be integrated with
fiber, different mode groups have different velocities, whiCkhe receiver circuit. Therefore, there is a strong demand for an
is called modal dispersion. Chromatic dispersion is due to thgegrated equalizer solution in high-speed fiber-optic commu-
fact that different wavelengths of light have different velocitiesyications, especially in cost-sensitive short-haul systems.

The polarization-mode dispersion, which comes from different this paper is organized as follows. Section Il presents the

velocities of different polarizations, can be neglected in multijstributed transversal equalizer, with comparison to other

mode fibers. transversal equalizer implementations. Section Il describes
the design of delay elements and gain stages. Measurement
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TABLE |
ACHIEVABLE DISTANCES IN 10-Gb/s BEHERNET LINKS USING VARIOUS TYPES OFMULTIMODE FIBERS

Fiber @ 850nm Wavelength | Fiber Modal Bandwidth | Achievable Distance at 10Gb/s
(MHz-km) (m)

62.5 um MMF 160 26

50 um MMF 500 82

50 uym NGMMF 2000 300

Termination
v

Output o

Input o T T T T T T
Termination
@
J_ 000 J_ 000 J_
x(t) —] Transversal y(t) Decision | % | Training T o0 T 000 T
Equalizer Circuit Sequence
+
e(t) A - Fig. 2. Schematic of prototype equalizers.

(b) first sampled and digitized, and the delay line can be constructed
Fig. 1. Transversal equalizer. (a) Transversal filter. (b) Adaptive transverd4$iNg @ shift register [17] or memory [18]. The maximum data
equalizer. rate of digital FIR filters is limited by the speed of the dig-

itizer and the power consumption and circuit complexity re-

to compensate for the distortion of the channel. Equalizefsired for the high-speed implementation. In addition, clock
have been widely used in telephone networks and magnélftneration poses another problem if fractionally spaced equal-
recording systems [10]. Transversal filter equalizers are Bftion is required. _

particular interest. They have relatively simple structures, canContinuous-time transversal equalizers have been explored
compensate many types of linear distortion, and can be md@k high-speed applications, using charge-coupled devices
adaptive with simple algorithms. They can also be used #sCDs) [19] and surface accoustic wave (SAW) filters [20], as
building blocks for more advanced equalizer architecturé¥®!l s switch capacitors [21] an@,,,-C' ladder filters [22],

such as a decision-feedback equalizer [11], [12] and maximu@s]- Besides speed, such analog equalization has an additional
likelihood detection [13]. advantage: Since sampling is done after equalization, signal

In a transversal equalizer [Fig. 1(a)], the input signél) dela_y_ in the equalizer does not affect the perfqrmance and
propagates along a delay line. The signél) and its delayed stability of the clo_ck-and-data—recovgry (CDR) timing loop
versionsz (¢ — kr) (wherer = T, the signal period, antl = [24]. However, as signall speed further increases beyond 1 Gb/s,
1,...,n) aretappedalong the delay line, multiplied by equal-€V€N these analog_equallzers become madgquate to achlev_e the
ization coefficients (weights), and then summed to generate fHgh-Speed operation. We try to address this problem by using
equalized outpug(t). Thus, this architecture is sometimes reRF/microwave techniques.
ferred to as dapped-delay-linstructure. A fractionally spaced o )
equalizer (FSE), in which each tap has a delay of T, can B- Distributed Architecture
reduce the aliasing problem irll&spaced transversal equalizer Distributed circuits are a good candidate for high-speed inte-
and improve the equalizer performance [14]. grated circuits because of their unique wideband characteristic,

One implementation of an adaptive transversal equaliaghich was originated from traveling-wave amplifiers [25], [26].
is shown in Fig. 1(b). In the initial training period, a knowrFig. 2 shows an integrated transversal filter with a distributed
training sequence is transmitted and compared with its localchitecture. The similarity with a traveling-wave amplifier is
copy in the receiver to find the channel characteristics and catmediately evident. In fact, it can be viewed as a distributed
culate the initial values for the equalization coefficients. Theamplifier operating in the reverse-gain mode. The input signal
the coefficients can be adjusted based on the decision restriisels along the input transmission lines, and is tapped by each
using an adaptive algorithm such as least mean square (LM@)n stage in sequence (from left to right in Fig. 2). Thus, the
[15] or zero-forcing algorithm [16]. Other implementationgoaded transmission lines act as delay elements. The tapped
(blind equalization) exist, in which no training sequence isignal is amplified by each gain stage by a gain proportional
used. to the corresponding equalization coefficient (weight), and the

At low speed, transversal equalizers can be implementedaagput signals from all stages are added on the output transmis-
digital finite-impulse response (FIR) filters: the input signal ision lines. It should be noted that the delay between adjacent
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stages consists of that from both the input and output transmasseven-tap transversal equalizer with a 50-ps delay per stage
sion lines. would be adequate [35].

Compared with conventional digital and analog transversal
equalizer architectures, this architecture has the following afl- Delay Lines

vantages. As in any distributed circuit, the design of transmission
+ Itis an RF implementation, which can operate at very higimes is of critical importance [36]. In the case of distributed

data rates compatible with all current fiber-optic systemgansversal equalizers, an additional constraint is the large

* It is an integrated circuit solution, which reduces théime delay per stage. For the prototypes, the delay per stage
system complexity and cost significantly compared witls specified as 50 ps, i.e., half of the symbol period. Mi-
conventional optical methods. crostrip lines or coplanar waveguides would be too long to
» The equalization coefficients can be realized by the gaéffectively implement this delay on chip. For example, for
from each stage, and thus, it is inherently adaptive. microstrip lines with metal groundplane, the phase velocity of

* It is more power efficient since there is no power-hungrg transverse electromagnetic (TEM) wave can be estimated as

DSP as in digital implementations. v = ¢/ /eésio, = 0.5¢, and then the microstrip line length
 Fractionally spaced equalization can be easily impl@er stage would bé ~ vt; = 0.5¢ x 50 ps = 7.5 mm.
mented without oversampling. Even if the loading effect is taken into account, the required

This architecture was first contemplated by Rauscher [27gngth is still impractical. The total length of delay lines is a
In 1989, Schindler developed an MMIC band-pass transver§anction of the number of bits of IS that the filter is intended to
filter at 9.8—-11.1 GHz using microstrip lines and on-chip ca&ancel. Therefore, the physical size limitation still exists even
pacitors [28]. Kasper and Mizuhara first suggested the usevfien using smaller for each stage, which results in a larger
an integrated transversal filter for fiber-optic equalization [4])umber of stages. Considering these practical constraints, the
followed by others with simulation results [29], [30]. In 1997delay elements were implemented using artificial transmission
Jamankt al.[31] and Borjaket al.[30] reported the firstimple- lines constructed withC ladders of spiral inductors and MIM
mentations using reverse-gain mode and forward-gain mode §@acitors. For a given chip area, this approach can generate a
traveling-wave amplifier terminology), respectively. The latte@rger time delay.
group later switched to the reverse-gain mode architecture [32].The inset in Fig. 2 shows a section of the transmission line
In 2000, Lee and Freundorfer introduced the Gilbert cell to gefructure. Since the spiral inductors are densely packed, the elec-
erate both positive and negative weights [33]. These implemdf2magnetic coupling between them has to be properly modeled.
tations verified that it is feasible to use distributed amplifica® Six-port electromagnetic simulation [37] is used to simulate
tion techniques to achieve integrated transversal equalizer #3¢ Whole transmission line section, and generate frequency-

high-speed fiber-optic systems. swept S-parameters for circuit simulation.
However, there are important questions to be answered and\nother important design consideration is the ac ground path.
problems to be solved. Since the physical size of the equalizer is comparable to the

. Analog weight adjustment is needed. There is no su avelength of the signal, it is critical to have a well-defined
) . : ' SUErurn path for the ac current. This is a difficult problem for a
me_chamsm reported n [30] and [32], and only blnar}//videband circuit like the equalizer, particularly because of the
we_lght control (on/off) n [31] (because .Of the .CaSCOd%ssy and poorly modeled silicon substrate. In our design, this is
gain ;tgge) and [33]. W't.hOUt analog weight adJUStmerﬁddressed by adopting a differential architecture for the equal-
adaprty cann.ot be ach|eved'.' . izer, i.e., using differential delay line structures and differential
* Unlike a travelmg-wave ampllfler,' the gain stages havein stages. This ensures a local virtual ground within each gain
to be controlled independently with varying weights Qe and each section of delay line structures, since the fun-
achieve the adaptive transfer function. This makes it Ve, ental frequency components of the differential ac currents

difficult to maintain the same loading on the transmissiop, ya| each other. The differential architecture also reduces the
lines from all stages at all time, i.e., the transfer f“nCt'OFbturn-path loss significantly.

itself tends to disrupt the distributed circuit characteristics.
» Systematic analysis and equalization test data are sg’ll

Gain Stage
lacking. n >tag

The function of the gain stage in a transversal filter is to

implement the equalization coefficient (weight). The gain

. DESIGN stage should have a flat and linearly controllable amplitude
response. It should also be able to change the phase of its

Itis the goal of this work to answer the questions above in tlygin by 180 in order to generate negative coefficients. A
context of a practical fiber-optic system [34]. A generic 10-Gbftat group-delay response across the equalizer bandwidth is
multimode fiber-optic link was chosen, which is fully compatrequired to prevent phase distortion in the equalization process.
ible with the newly adopted 10 Gigabit Ethernet standard (IEEHhis is critical, since such phase distortion cannot be easily
802.3ae) [1]. Based on system simulations using data from dibmpensated by equalization itself. Therefore, the gain stage
ferent lasers, fibers, and launch conditions, link distance irman be considered an analog multiplier with a high-speed data
provement and failure rate was evaluated versus complexityput and a low-speed control signal. In addition, the gain stage
number of stages, and delay per stage. It was concluded thladuld present a constant load to both the input and output
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transmission lines when changing the weights, in order to
maintain a constant delay between adjacent stages. 0.015 "

Fig. 3 shows the simplified schematic of the gain stage. The
core of the circuit is a Gilbert celt§;—Qg). The absolute value
of the weight is implemented using the tail current soukgen
this manner, the linearity of the weighting function, i.e., between
I, and the output voltage, is better than a cascode structure ¢
in [31]. The sign of the weight is implemented using two dif-
ferential pairs s, Q4, @5, Q¢) to steer the differential current
from @, and @, to the output transmission lines. The control -0.01
signals of these transistorS,(and.S,) are analog voltaged/,,
andV,g) selected by a single digital b#t, which represents the | ; ‘ ‘ ‘
sign of the corresponding weight. Because the output nodes ar ol 1 L . i | I
always connected to the collector of@n transistor and that of 0 20 400 600 i Tt 1400, o0 1800, 2000
anoFFtransistor, there is no variation in the loading of the output 'me [ps]
transmission lines when the sign of the coefficient is switched'd: 5 Tap-delay uniformity measurement using 2.5-Gb/s square signal. We

. .. . . . bserve uniform tap delays, with typical values of approximately 45 ps.

The differential input signals are buffered using emitter fol2
lowers @1, Quv2, Ip1, Ip2). Buffering reduces the loading and
thus, improves the linearity of the phase response on the inpafallel, which can be laser timmed to fine tune the matching
transmission lines. Further, the buffers are biased with const@f@perties of the transmission lines.
currents, and thus, the parasitic capacitanceafand Q.
do not change with the applied weigtf, ). Hence, there is no IV. MEASUREMENTRESULTS
variation in the loading of the input transmission lines.

The gain stage satisfies tlsrong impedance mismatchingS
condition [38] between succeeding stages (the input delay Iina
emitter-follower buffers, core differential amplifier, switch t
pairs, and output delay lines), and therefore, can achieve t
stringent requirements for bandwidth and group delay.

o

=3 o
S o
& 4

Voltage [V]

-0.005 |-

-0.015

Fig. 5 shows the step response of the equalizer to a 2.5-GHz
%uare-wave input with each tap weighted independently. The

lay per stage is approximately 50 ps. The earlier taps demon-
rate more peaking and less attenuation than the later stages.
‘?:ig. 6 shows the frequency response of four stages of the
equalizer with each tap weighted independently. Consistent
with the time domain measurement, the earlier taps show more
C. Prototypes peaking and less attenuation. In particular, tap 5 demonstrated

A seven-tap prototype of distributed transversal equalizeassmooth response that peaked in the 3-6-GHz band. Not
was designed and fabricated [34] using a Ou.B8-SiGe surprisingly, tap 5 had the highest weighting factor in the
BiCMOS process withfr of 120 GHz [39]. Fig. 2 shows its most successful data transmission measurements described
top-level schematic. The filter was simulated using ADS [4QJelow. The amplitude fluctuation is larger than the simulation,
with frequency-swept S-parameters of the delay lines that weyessibly due to the following reasons: 1) the measurement was
obtained from EM simulations. single-ended instead of differential, i.e., only one input and
Fig. 4 shows the chip micrograph of the prototype transversate output were used; 2) the termination was not fine tuned to

equalizer. It occupies an area of 3 n¥ri.5 mm, including pads. achieve the best matching for both transmission lines; and 3)
The pads on the top are inputs of sign bits of weights, and ttiee wideband modeling of transistors and spiral inductors was
bottom ones are inputs of absolute values of weights (referemas# accurate.
voltage for the current mirror). The pads on the right are for The ability of the circuit to equalize highly dispersed data sig-
ON/OFFvoltages and dc bias. The pads on the left are for diffemals was tested using the setup in Fig. 7, which is similar to its
ential input and output, and are tilted*4for RF probing. Note application environment. A pattern generator was used to drive
that the terminations are implemented with multiple resistors an 850-nm vertical cavity surface emitting laser (VCSEL) using
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compensation in high-speed fiber-optic communications.
Laser | o The dispersion problem and compensation techniques were

i | . . ailon techniques we
UJW, discussed, with the emphasis on adaptive equalization and its
implementations. The design of integrated transversal equal-
Fig. 7. Typical equalized link diagram. The equalizer is placed after tigers has been further described with detailed analysis on delay
transimpedance amplifier (TIA) and before the postamplifer, and is not presg¢ipies and gain stages followed by measurement results for a

in Ethernet and Fiber Channel links. ’ .
seven-tap 10-Gb/s prototype. Future work will focus on the

. . . other part of the challenge: How to generate the equalization
d|re(_:t modulat_|0n, and 800 m of 5@m noncpmpl!ant next-ge_n- cPefﬁcients at such high speed and make the equalizer fully
eration MMF fiber was used to generate distortion on the S'gn%daptive

The fiber was noncompliant because it did not meet any of the

PIN + TIA

BER
Tester

six masks in the specifications [41]. The pattern was'a-4
pseudorandom bit sequence (PRBS) pattern and the data rate
was 10 Gb/s. This generated a signal with 5 dB of ISl and 62 p
of deterministic jitter (DJ) at the input of the equalizer.

The response of each tap individually was measured for d
ferent values of the tap coefficient, and an optimization routiq
was used to fit a linear combination of the individual signal
to an idealized output with a raised cosine output character-
istic. Rigorous linearity measurements were performed to val-
idate this procedure. After each tap coefficient and sign was
determined, the coefficients were fine tuned by hand while mon-
itoring the eye diagram and the bit-error rate (BER) to determine[2]
the optimum set point. As shown in Fig. 8, the equalized signal
has residual 1SI of only 1.38 dB and a DJ of only 38 ps. The 3
overall BER was improved from about 1®to less than 10'2. [4]
The total power dissipation, including all biasing circuits, was
30 mW, plus 2 mW per active coefficient (typical dissipation is 5]
40 mWw).

The equalization chip was designed to operate on 10-Gb/s
signals. To explore its limits, we tested it at 14 Gb/s (limited by (6]
test equipment). The signal from the pattern generator passef)
through the same setup as before, resulting in even larger eye
closure (11 dB). Similar to the previous case at 10 Gb/s, the[8]
equalizer reduced the ISI penalty to 2.2 dB and reduced the de-

terministic jitter from 60 to 21 ps. ol
10
V. CONCLUSION 1o

Integrated transversal equalizers based on distributed circdljtl]
techniques have been introduced as the solution for dispersion
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