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Abstract—A maximum-likelihood sequence estimation (MLSE)
receiver is fabricated to combat dispersion/intersymbol interference (chromatic and polarization mode), noise (optical and electrical), and nonlinearities (e.g., fiber, receiver photodiode, or laser)
in OC-192 metro and long-haul links. The MLSE receiver includes
a variable gain amplifier with 40-dB gain range and 7.5-GHz 3-dB
bandwidth, a 12.5-Gb/s 4-bit analog-to-digital converter, a dispersion-tolerant phase-locked loop, a 1:8 demultiplexer, and a digital
equalizer implementing the MLSE algorithm. The MLSE receiver
achieves more than 50% reach extension at signal-to-noise levels of
interest as compared to conventional clock data recovery systems.
Index Terms—A/D converter (ADC), clock data recovery
(CDR), demultiplexer (DEMUX), electronic dispersion compensation (EDC), electronic post-detection equalization (EDE),
G.709 optical transport network (OTN), high-speed ASIC,
maximum-likelihood sequence estimation (MLSE), OC-192,
phase-locked loop (PLL), variable gain amplifier (VGA).

I. INTRODUCTION

E

LECTRONIC dispersion compensation (EDC) receivers
have increasingly been investigated as a cost-effective way
to (partly) mitigate the OC-192/STM-64 link transmission impairments arising from group-velocity dispersion [also referred
to as chromatic dispersion (CD)], polarization-mode dispersion
(PMD), and other pattern-dependent impairments in a wide
range of optical links [1]. Maximum-likelihood sequence estimating (MLSE) receivers are known to provide optimum performance under dispersion [2], [3] and have recently promised
to allow optimal EDC reach extension in wavelength-division multiplexing (WDM), low-optical-signal-to-noise-ratio
(OSNR) applications with either Mach–Zehnder intensity modulator (MZM) nonreturn-to-zero (NRZ) or optical duo binary
(ODB) modulation [4].
An MLSE receiver that operates in the digital domain provides robust performance under severe channel impairments
(e.g., nonlinearities or noise) unlike analog EDC solutions
such as feed-forward equalizers (FFEs) and decision feedback
equalizers (DFEs) [5]. Consequently, an MLSE receiver blends
well with more demanding enhanced forward error correction
(EFEC) as well as with externally modulated laser (EML)
transmitters; the latter is enabling the increasingly important
pluggable WDM optical interfaces. Such performance robustness becomes the most valuable attribute of next generation
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WDM systems that enable new multiservice metropolitan
architectures.
MLSE-based solutions can also offer additional features such
as link diagnosis and failure identification and detection that are
not available in analog-based EDC implementations. Alarms,
thresholds for dispersion and nonlinearity, real-time link monitoring, and tamper control can also be obtained. Additional
value of such an MLSE implementation can also be garnered
by enabling the use of soft-input forward error correction (FEC)
decoding algorithms.
This paper presents an MLSE receiver for OC-192/STM-64
long-haul (LH), ultralong-haul (ULH), and metro fiber networks. The MLSE receiver comprises an analog front-end
(AFE) IC implemented in a 0.18- m, 3.3-V, 75-GHz, SiGe
BiCMOS process and a digital equalizer (DE) IC fabricated in a
0.13- m, 1.2-V CMOS process. The AFE and DE are packaged
in a 23 mm 17 mm, 261-pin multichip module (MCM). The
MLSE receiver is compatible with the multisource agreement
(MSA) for 300-pin 10-Gb/s transponders [6].
II. MLSE RECEIVER ARCHITECTURE
The architecture of the MLSE receiver is shown in Fig. 1. It
features a variable gain amplifier (VGA), a 4-bit flash analog-todigital converter (ADC), a dispersion-tolerant clock recovery
unit (CRU), and a 1:8 demux (DEMUX). The ac-coupled line
rate input (9.953–12.5 Gb/s) can be single-ended or differential. The input signal is amplified by the VGA then sampled by
the ADC. The CRU recovers a line rate clock for the ADC and
the DEMUX. The 4-bit line rate ADC samples are demuxed
1:8 to generate a 32-bit LVDS interface to the digital equalizer IC (see Fig. 1). The digital equalizer IC implements the
four-state MLSE algorithm which assumes a channel memory
of three symbols. The digital equalizer includes a blind, adaptive
channel estimator and a data decoding unit on-chip that require
no training. The integrated channel estimator and data decoding
block help to eliminate potential bit error rate (BER) floors or
error propagation that could develop from poor front-end or
channel estimation/tracking performance.
III. VGA
A VGA for EDC-based optical front-ends should satisfy linearity as well as sensitivity specifications because it can be incorporated either in OSNR limited or receive power-limited applications. Amplified links which usually operate with a limited
OSNR, require only linearity of the VGA; however, unamplified point-to-point metro links require both linearity and high
sensitivity because high dispersion is accompanied by severe attenuation. Conventional limiting amplifiers are not suitable for
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Fig. 1. Block diagram of MLSE-based receiver.

Fig. 2. Block diagram of the proposed SiGe VGA.

such applications due to nonlinearities [7]. The output offset of
the VGA should be insensitive to overall gain within the VGA to
minimize the BER impact with respect to input power transients.
In order to cover previously mentioned applications, a variable gain range of 40 dB, a spurious free dynamic range
(SFDR) of 18 dB, an input sensitivity of 10 mV, and a 3-dB
bandwidth of 6 GHz are required.
A. VGA Architecture
The proposed VGA (see Fig. 2) consists of a gain block, an
analog multiplexer (MUX), a gain control block, an offset control block, a replica bias generator, and output drivers.
The gain block consists of three identical cascaded differential amplifier stages. Each stage provides a gain range of
1–11 dB. The output of each stage is connected to an analog
MUX. The gain of the VGA is controlled by a current injected
into the gain control block and the analog MUX control input.
The replica bias generator generates a replica of the dc bias

points of the gain block and provides them to the gain control
block and offset control block in order to achieve process
insensitivity. The analog MUX feeds into an output driver
that includes a common-mode feedback (CMFB) loop to track
the common-mode voltage information provided by the ADC.
The outputs of the driver provide offset information to the
offset control block which then adjusts the output dc offset
voltage by using a low frequency feedback loop. This scheme
enables gain-insensitive output offset control without impacting
front-end bandwidth or power consumption. Another important
functionality of the offset control block is to provide proper
input bias voltage to the first gain stage such that the gain of the
overall VGA is insensitive to process variations.
B. Gain Block and Process-Insensitive Gain Control
The gain block consists of three identical differential amplifiers each having tunable emitter degeneration. The emitter
degeneration resistor is made tunable by employing an nMOS
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Fig. 3. Circuit diagram of (a) gain stage and (b) process-insensitive gain control.

transistor in parallel with a fixed resistor as shown in Fig. 3(a).
The gain is controlled by tuning the gate voltage of the nMOS
biased in the linear region. The fixed resistor
transistor
sets the minimum gain.
One benefit of the proposed architecture is that sufficient linearity is achieved without impacting receiver sensitivity. The
VGA achieves high sensitivity for small input signals via small
degeneration resistance. The linearity of the gain stage is consistent with the input amplitude. When the input signal is large,
the VGA gain is reduced and linearity is increased by increasing
the degeneration resistance. Another advantage of the proposed
gain stage design over conventional VGA designs [8] is low
supply voltage operation due to a smaller transistor stack. This
lower supply results in lower power consumption.
The performance of the gain block is highly dependent on the
and the
MOS process variables such as the threshold voltage
[see Fig. 3(a)]. By noting that
device transconductance of
is given by
the gain of each gain stage

(1)
where
is the gate-to-source voltage of
, it is necessary
carefully in order to
to control the gate-to-source voltage
achieve process independence. The process-insensitive gain
controller schematic is shown in Fig. 3(b). The replica bias cell
[see Fig. 3(a)]
(not shown here) generates the dc bias point
for the gain control block. By incorporating a diode-connected
which is identical to the nMOS
used in the gain
nMOS
is given by
stages [see Fig. 3(a)], the gain control voltage

(2)

is the external current input which controls the gain.
where
Substituting (2) into (1), we obtain

(3)
From (3), it is clear that the gain is independent of the threshold
voltage and that sensitivity to device transconductance is also
decreased.
The total simulated gain variations are 1.3 and 2.5 dB at
low and high gain modes, respectively, with the minimum-size
.
nMOS transistor in
injects idling current into
to maintain phase
Transistor
margin in the low-gain case by keeping the pole at the collector
at a sufficiently high frequency.
of
C. Analog Multiplexer
The analog MUX is incorporated to satisfy both the linearity
and sensitivity requirements. The analog MUX consists of cascaded parallel amplifiers whose final outputs are summed using
an open collector scheme. The first and second stages of the
MUX are intended for amplified fiber links, where the received
power is high due to erbium-doped fiber amplifiers (EDFAs) and
the third stage of the MUX is intended for unamplified metro
links where the receiver sensitivity dominates the performance.
Given that the linearity of the analog MUX is better than that
of the gain stages because the former employs larger passive
fixed-degeneration resistors for unity gain, the overall VGA linearity is improved over a static three-cascaded-stage architecture. Simulation results reveal that the proposed analog MUX
design improves the VGA linearity by 10 dB compared with
the conventional cascaded structure.
One drawback of the analog MUX could be its bandwidth
limitation. However, this limitation is not found to be significant when proper layout guidelines and emitter peaking are
employed.
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Fig. 4. Simplified circuit schematic including offset cancellation scheme and input termination.

D. Input Termination and Offset Control
The main focus of input termination and offset control design is to enable single supply and single-ended operation while
maintaining process-insensitive VGA gain.
The emitter follower stage shown in Fig. 4 isolates the input
termination from the gain stage, thereby providing a constant input impedance over the entire gain range. The correct
input common mode voltage [
in Fig. 3(a)] is generated by the replica bias and used as a
common-mode voltage reference. As a result, the first stage
also benefits from the process-insensitive gain control scheme
described earlier.
The offset control circuitry suppresses unwanted VGA output
offsets caused by various imbalances and allows for injection of
a controlled offset, improving performance in amplified optical
fiber links where the noise is not uniformly distributed. Offset
control circuitry must have a wide linear input voltage range for
proper operation. The output offset of the VGA is insensitive to
the gain of the VGA, enabling error-free operation in the presence of input power transients without manually adjusting the
output offset. The 3-dB cutoff bandwidth is chosen carefully
such that the offset control tracks input power transients. The
offset control circuitry is carefully simulated with the package
model in order to ensure the stability of the entire VGA.
IV. ADC
The ADC architecture shown in Fig. 5 has a stage of preamplifiers followed by two stages of metastability flip-flops (ADC
FFs) and a Gray encoder. The ADC architecture [9] is chosen
considering the bandwidth requirement and voltage headroom.
One soft-decision ADC FF (low effective gain and bandwidth)
is followed by a hard-decision ADC FF (high effective gain and
bandwidth), lowering the metastability-related BER floor while

minimizing data feedback to the sensitive reference ladder [10].
The Gray encoder limits coding errors to one least significant bit
(LSB), minimizing their impact on the BER. The PLL clock is
distributed using microstrip transmission lines with far-end termination and buffered locally to reduce aperture uncertainty at
the ADC FFs. The input swing is digitally controlled to achieve
optimum balance between thermal noise and voltage dependent
group delay variations across the preamplifiers. The center of
the dummy ladder (not shown), which is a replica of the reference ladder, provides the correct ADC input common-mode
voltage to the VGA. The ADC can be configured between a
4-bit mode and a power-saving 3-bit mode by disabling alternating preamplifiers and ADC FFs.
The cascode preamplifier (see Fig. 6) reduces summing node
resistance and VGA output loading. The estimated input offset
is 2.86 mV at room temperature, assuming 6% transistor mismatch (process data when they are 15 m apart) and 5% resistance mismatch due to layout variability. Considering one LSB
size, the estimated offset voltage is sufficiently low so that additional offset averaging circuitry [11] is not required. The current biasing circuitry for the preamplifiers and reference ladder
are carefully designed and protected by guard rings to minimize
substrate mixing.
The ADC FFs incorporate CML-based latches for high-speed
operation [9]. Bandgap-voltage-referenced current biasing guarantees a constant logic swing level regardless of temperature and
supply voltage variations.
The ADC clock and data paths are matched to provide consistent sampling points across all 16 comparators. Clocks for the
Gray encoder are carefully delayed and distributed to compensate for the logic gate delays.
Isolation between the preamplifiers, the ADC back-end (ADC
FFs and the encoder), and the DEMUX is critical. Guard rings
are placed between the preamplifiers and the ADC back-end,
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Fig. 5. Block diagram of 3-bit/4-bit configurable ADC.

digital blocks (i.e., ADC back-end and DEMUX) is made programmable to strike a balance between substrate injection and
noise immunity. The optimum swing level of digital blocks is
determined based on overall BER performance of the entire
system.
V. CLOCK RECOVERY UNIT

Fig. 6. Schematic of the ADC preamplifier.

and between the ADC back-end and the DEMUX. The ground
and substrate connections of the preamplifiers and the ADC
FFs are shared to minimize ground bounce. The swing in the

The CRU shown in Fig. 7 is a bang–bang PLL [12] with
a phase frequency detector (PFD), a fast differentially tuned
voltage-controlled oscillator (VCO), a phase interpolator for
sampling time adjustment, and phase filtering which enables
clock extraction in the presence of a closed eye. The frequency
detector carries the VCO frequency up to the narrow locking
range of the phase detector. A multiplexer with smooth transition is incorporated to switch between frequency acquisition
mode and phase acquisition mode. The selection is made based
on the outputs of the loss of lock detector (LOL) and the loss
of signal (LOS) detector. LOL declares a loss of lock if the
frequency difference between the external reference clock and
the VCO output clock is more than 200 ppm.
The phase interpolator adjusts the sampling time by 10 ps
to compensate for unwanted phase offsets generated by either
input signal distortion or process variations. The phase interpolator adjusts delay by utilizing a weighted average between the
direct and delayed signals.
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Fig. 7. Block diagram of jitter-tolerant PLL.

Fig. 8. Alexander phase detector with postprocessing.

The phase updates have low- and high-frequency components
where the latter tracks instantaneous phase changes and only the
former is sent off-chip to a loop capacitor using a four-point
tuning-sensing bridge connection. The bridge connection removes inductive peaking caused by the bond wires. The sensing
input has a third-order RC filter to reduce off-chip noise.
Blocks in the data and clock paths of the CRU, VGA, and
ADC are matched to provide automatic center-of-eye sampling.
A. Phase Detector
Fiber nonlinearities, dispersion, and noise (amplified spontaneous emission (ASE) in amplified links and electrical noise in
unamplified links) in LH/metro fiber links spread the zero crossings and severely distort the duty cycle of the transmitted signal.
The PLL design incorporates advanced strategies to overcome
these obstacles in the presence of high dispersion. Conventional
PLLs generate significant jitter and cycle slips after 70–80 km
of fiber at an OSNR
dB.
An Alexander, or bang-bang, phase detector [13] is chosen
over a Hogge phase detector [14] because the output frequency
of the Alexander phase detector is half that of the Hogge phase
detector. This makes the Alexander phase detector less sensitive
to narrow pulses caused by dispersion and nonlinearities. Also,

Fig. 9. Four-point bridge varactor design with process/supply voltage-independent frequency control.

a bang-bang PLL generates less output jitter under low-input
SNR conditions than a linear PLL [12]. A single-edge-sensitive phase detector using a divider at the input of the data path
[15] is an effective scheme for dealing with duty cycle distortions. However, an isolated 10-Gb/s pattern with severe dispersion and nonlinearities causes false phase update signals with
this scheme. Also, phase offset arising from Clock-to-Q delay
is hard to match across process and temperature variations using
linear circuit blocks. Therefore, a standard Alexander phase detector is chosen as a basic phase-detector architecture and modified to enhance the dispersion tolerance.
Fig. 8 shows the Alexander phase detector with postprocessing. The UP and DOWN signals generated by latched data
are enabled by the sequence detector. Postprocessing achieves
two main goals. First, it enables phase updates with only one
type of data edge, overcoming duty cycle distortion. Second,
it disables the phase updates when the pattern-dependent jitter
caused by an isolated 10-Gb/s pattern is more than 0.25 UI
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Fig. 10. Block diagram of 1:8 DEMUX.

under severe dispersion. This scheme does not cause any phase
offset because the update decision is made after sampling.
B. VCO Design
An LC VCO is chosen over a ring-type VCO to suppress
jitter generation. Metal–insulator–metal (MIM) capacitor
in Fig. 9 is inserted to achieve insensitivity to supply voltage
variations. Three VCOs, each with a 1-GHz tuning range, cover
a 9.9–12.5-GHz frequency range with sufficient frequency
overlap. The VCO in Fig. 9 employs a bridge varactor driven by
an emitter follower to provide instantaneous frequency updates
while increasing common-mode noise immunity. The VCO
has a fully differential tuning input with more than a 2-GHz
bandwidth to guarantee instantaneous frequency shifts in the
VCO.
The VCO has a dedicated power supply and ground. The
common-mode voltages of the differential tuning input and bias
inputs are identical and set at the supply-referenced bandgap
. The four-point bridge connection is more
voltage
immune to PLL supply-induced jitter and injection locking than
a fully differential two-point connection [16] due to the nonlinear varactor tuning characteristics. Consequently, all firstorder charge injection mechanisms are eliminated in this design.
The varactors in the bridge are sized to minimize the net tranin the locked condition for jitter resient current flowing into
duction. The VCO is isolated from hard-switching blocks, such
as the clock dividers in the PLL, the ADC FFs, and the DEMUX,
to reduce noise coupling and avoid injection locking through the
substrate.
VI. 1:8 DEMUX
The 4-bit ADC output is deserialized by a factor of eight
using four parallel conventional tree-structured DEMUXs. The
DEMUX is comprised of a clock divider block, along with four
data trees (shown in Fig. 10). The clock divider accepts the
10-GHz recovered clock and creates 5-, 2.5-, and 1.25-GHz

clocks that are used by the data trees. Additionally, copies of
the 5- and 2.5-GHz clocks are created with a 90 phase shift.
Each data tree takes one data bit at 10 Gb/s as input and provides eight data bits at 1.25 Gb/s at the output. The data tree has
a latency of nine clock cycles.
The 10-GHz clock divider is a master–slave FF with the
data input tied to the inverted output. The 5- and 2.5-GHz dividers are each comprised of a primary positive-edge-triggered
master–slave FF followed by a secondary negative-edge-triggered master–slave FF. The output from the secondary FF is
inverted and fed back to the data input of the primary. The
secondary FF creates the phase-shifted copy of the primary
divided clock. The clock outputs are carefully buffered so that,
for each frequency, each buffer drives the same size load. The
layout for the clock tree is also carefully balanced to provide the
smallest possible clock skew. The buffer and layout balancing
provide process-insensitive clock distribution.
Each data tree is built from concatenated dual-edge samplers.
Each of these samplers contains two master–slave FFs, one
positive-edge-triggered and the other negative-edge-triggered.
Thus, each sampler demuxes the data by a factor of two. Each
DEMUX stage uses either the primary or phase-shifted secondary clock, depending on the edge that launched the previous
data. The positive-edge launched data are always sampled
by the phase-shifted clock, and the negative-edge launched
data are always sampled by the primary clock. This prevents
interaction between clock and data that were launched from the
same clock edge. This technique makes the DEMUX logically
correct without using process-sensitive delay lines. The final
stage of the data tree is clocked by a common clock to align all
eight data bits to the same clock phase.
The CML-based flip-flops used in the DEMUX resemble
those in the ADC backend and share the same bias scheme.
Lower frequency stages are designed to use less bias current
while maintaining the same swing. The primary design consideration for the FFs is ensuring that they have reasonably
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Fig. 11. CAS block.

smallsetup and hold times. The fastest path in the design is the
feedback in the 10-GHz clock divider. At 12.5 GHz, this path
has positive slack of 30 ps, leaving a comfortable 30% margin.
VII. MLSE IMPLEMENTATION
The digital IC accepts a line-rate/8, 32-bit LVDS input
stream, along with a line-rate/16 clock from the AFE IC,
as shown in Fig. 1. The received clock is used to dual-edge
sample the data and create 4-bit, 16-parallel data which are
fed into the MLSE engine. The MLSE engine is a novel
parallel, time-reversed, sliding-window Viterbi decoder [17].
The decoder utilizes backward recursion to reduce the critical
path to a cascade of eight multiplexers. The MLSE engine is
supplied with channel estimates from a low-frequency adaptive
channel estimator, which models the nonlinear channel impulse
response over three bit periods. The digital IC provides a
16-bit line-rate/16 LVDS output stream compliant with the
OFI-SFI4-01.0 [18] implementation agreement.
As mentioned above, the MLSE engine models the channel
impulse response over three bit periods. Thus, the current reis a function of the transmitted symbol
,
ceived sample
as well as the previous two transmitted symbols
and
, hence the engine is a four -state Viterbi equalizer. The
channel estimator provides channel estimates
corresponding to all eight possible combinations of the current
and previous two transmitted symbols.
In each symbol/bit period, a conventional Viterbi decoder emto compute branch metploys the current received sample
rics and employs it to update the four path metrics that corresponds to the likelihood of the best path ending at each of the
four states. This update is done using the add-compare-select
(ACS) operation which is recursive and therefore hard to implement at a line rate of 12.5 Gb/s. High-speed Viterbi architectures

employ parallel processing or higher radix processing [19]. In
parallel processing, the input sequence is divided into subblocks
and more than one subblock is processed at a time. However,
disjoint processing of blocks leads to undesirable edge-effects
where the symbols at block edges tend to have a higher BER. In
higher radix architectures, more than one trellis section is processed in each clock cycle. It has been noted that speed-ups with
higher radix processing lie between 1 and 2 and thus are not sufficient for this application [19].
The proposed MLSE algorithm employs parallelization by a
factor of eight to achieve high throughput, a sliding window to
minimize edge effects, and backward/time-reversed processing
of the trellis combined with a fixed-delay look-back of 6 bit in
order to eliminate the ACS recursion. The only recursion in the
MLSE engine is a loop with two multiplexers.
For each received sample, the engine starts with all possible
final states and their branch error metrics. The engine then
begins with the most recent channel observations and works
backwards through the trellis to determine the most likely path
through the trellis for all 16 received samples.
The MLSE engine begins by computing the branch metrics
by comparing each received sample against the eight
. This
possible channel estimates:
. These sample
results in 128 sample errors
errors are then fed into the path-finder block. The path-finder
operates on eight sets (being eight-parallel) of two received samples and their corresponding branch metrics. Path metrics are
then computed by successive compare-add-select (CAS) operations, as shown in Fig. 11 for one bit pair. Note that this is
the reverse of the ACS operations of a conventional Viterbi decoder and is nonrecursive. The path-finder outputs eight sets of
four bit-pairs dc0[7:0] dc7[7:0]. Each of the four bit-pairs in
a set is a decision candidate corresponding to the value of the
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Fig. 12. Path selector block.

Fig. 13. Microphotograph of (a) analog front-end and (b) digital equalizer.

previous two decoded bits. The path-selector selects the correct bit-pair based on the value of the previous two bits. The
path-selector therefore stores two past decisions and employs
these in selecting the next 16 bit by progressively traversing
eight multiplexers.
The time-reversed structure of the architecture results in an
entirely feedforward path-finder architecture and a short critical path in the path-selector. This architecture can thus be arbitrarily pipelined and is highly regular consisting of only comparators, adders, and multiplexers. This implementation uses a
3-bit carry-select adder as the basic computational kernel for the
comparators and adders. The uniform pipeline can perform an
8-bit addition and some miscellaneous logic in one clock cycle.
This high utilization results in the IC having an overall latency
of only 21 clock cycles.
As mentioned above, the critical path in the path-selector is
the traversal of eight multiplexers. This path can be pipelined
to reduce the critical path as shown in Fig. 12. This pipelining
is accomplished by using a selection look-ahead structure. The
muxsel structures create eight groups,
, of
8 bit each.
each contain a set of the eight
least significant output bits corresponding to the previous two
each contain a set
decoded bits. Likewise,

Fig. 14. Test board.

of the eight most significant output bits corresponding to the last
two bits selected from
. Thus, the critical
path consists of making a selection from
and then a selection from
. Because of
loading, the muxsel multiplexer chain is faster than the final
two-multiplexer chain. This pipelining technique could be
extended one more time such that the critical path was only one
multiplexer by precomputing four full 16-bit sets of results.
VIII. MEASURED RESULTS
The AFE IC is implemented in a 0.18- m 3.3-V 75-GHz
SiGe BiCMOS process. The digital equalizer IC is fabricated in
a 0.13- m, 1.2-V CMOS process. The AFE and DE are packaged in a 23 mm 17 mm 261-pin MCM. The chip microphotographs are shown in Fig. 13(a) and (b).
The two chips were tested independently first and then
together in various fiber plants with various transmitters. The
ten-layer evaluation board (shown in Fig. 14) is fabricated to
characterize the MLSE MCM. The evaluation board includes
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Fig. 15. Nominal measurement setup for MLSE receiver.

Fig. 17. Measured S

Fig. 16. Captured eye diagram of VGA at test buffer output.

an Intel LXT16727FE MUX to serialize the 16 demuxed MLSE
outputs. An Intel 16713XC CDR following the MUX extracts
the clock from the serialized data output for BER testing. A
test buffer on the MLSE chip provides for monitoring the VGA
output or the 64-divided VCO clock output. The test buffer has
8-dB gain, 30-dB SFDR, and 8-GHz 3-dB bandwidth.
The measurement setup for the MLSE receiver is shown in
Fig. 15. The HP8672A feeds a 9.953–12.5-GHz clock to the Advantest D3186 pattern generator. A commercial 300-pin MZM
NRZ transponder is used as a transmitter. Low gain EDFAs are
inserted to control OSNR and nonlinearities. The final EDFA is
used as an ASE noise source for OSNR control. A commercial
PIN-TIA with a 3-dB bandwidth of 8 GHz and input sensitivity
of 20 dB at BER of
is used for all measurements.
Fig. 16 shows the captured eye diagram at the output of the
VGA with a
pseudorandom binary sequence (PRBS)
and high ( 25 dB) received OSNR.
Fig. 17 shows the measured
of the VGA test buffer. For
a given gain setting, the input power is adjusted such that the
single-ended power at the test buffer output is 10 dBm. This

of VGA at minimum and maximum gain.

is done because the gain of the test buffer is 8 dB and the
nominal VGA output swing is set to 1-V peak-to-peak differential. The maximum measured gain of the VGA is 37 dB and the
minimum gain is 4 dB. The measured 3-dB cutoff frequency
is approximately 7.5 GHz.
The linearity of 5-GHz patterns dominates EDC performance
in most of the LH, ULH, and metro fiber links because they
are most susceptible to dispersion. Fig. 18(a) and (b), respectively, shows the linearity of the entire VGA in the maximum
and minimum gain mode around the 5-GHz frequency range.
The single-ended output signal powers are set at 16 dBm with
both 4.9- and 5-GHz sinusoidal input signals in both cases. The
measured third-order intermodulation distortion
is 32 dB
in minimum gain mode and 29 dB in maximum gain mode. The
SFDR is lower for maximum gain because all three gain blocks
are cascaded.
Fig. 19 shows the measured single-ended reflection coefficient of the VGA. The termination scheme of the VGA maintains
15 dB of
up to 5 GHz and
10 dB up to 20 GHz. At
increased transmission distances, self-phase modulation (SPM)
in the optical link causes spectral broadening. Thus, maintaining
low
up to a sufficiently high frequency is essential to suppress
SPM-induced pattern dependencies in the BER.
Fig. 20 shows the effective number of bits (ENOB) of the
ADC for various data frequencies at a sampling frequency of
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Fig. 18. Frequency spectrum of VGA at (a) the maximum gain and (b) the minimum gain with 4.9- and 5-GHz tone.

Fig. 19. Measured single-ended reflection coefficient S

of the VGA.
Fig. 21. Jitter tolerance of the MLSE receiver.

Fig. 20. 3-bit and 4-bit mode ENOB at 12.5-Gb/s sampling frequency.

12.5 GS/s. The measured ENOB at a data frequency of 5 GHz
is 3.4 bit in 4-bit mode and 2.8 bit in 3-bit mode. An internally generated frequency-locked clock is used for sampling in
this measurement. ENOB is calculated by comparing an ideally
sampled sinusoid and captured ADC output in MATLAB. The
ENOB at the Nyquist frequency with a sampling frequency of
10.71 GHz (G.709 OTN) is 3.6 b.
Fig. 21 shows the jitter tolerance performance of the MLSE
receiver. A sufficient jitter tolerance margin is required in loopback to meet the SONET jitter tolerance mask [20] at longer
fiber distances. The MLSE receiver satisfies the SONET jitter
tolerance specifications with 2200 ps/nm of dispersion. An HP
OMNIBER OTN is used for this measurement. The measured

Fig. 22. Output jitter of the MLSE receiver at a BER of 10

.

output clock jitter is
ps . Fig. 22 shows the PLL output
clock jitter under practical circumstances where the MLSE receiver operates BER
. The output BER is kept at
and the CD is varied up to 2200 ps with a
PRBS. The
fixed BER is achieved by adjusting the OSNR while maintaining
the received optical power at 14 dBm. The PLL output clock
jitter is less than 0.64 ps
across test conditions. The PLL
maintains lock without cycle slips with up to 1300 consecutive identical digits (CIDs) at a BER of
, with a 125-km
SMF-28 optical fiber link.
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Fig. 23. OSNR penalty of standard CDR and MLSE receiver with standard 300-pin MSA transponder with 2

0 1 PRBS.

TABLE I
SUMMARY OF MLSE RECEIVER

The MLSE receiver achieves a BER of
at an OSNR of
14.2 dB with 2200 ps/nm of dispersion, as shown in Fig. 23.
A received power of 14 dBm is used throughout the testing.
The MLSE receiver reduces the OSNR penalty of a standard
CDR by more than 2 dB at CD of 1600 ps/nm and a BER of
. The penalty for a standard CDR increases rapidly beyond
1600 ps/nm of CD. Fig. 23 also shows that the MLSE receiver
does not have a penalty in the back-to-back configuration.
The receiver has been shown to provide an error free
BER
post-FEC output, with a pre-FEC BER of
at 10.71 Gb/s with 2000 ps/nm of dispersion. It can
compensate for 60 ps of instantaneous differential group delay
(DGD) with a 2-dB OSNR penalty BER
. The channel
estimator in the MLSE engine adapts at a rate of 30 MHz and
thus is able to track DGD variations of up to that rate.
Table I summarizes the features of the two-die solution.

IX. CONCLUSION
This paper has described the design of an MLSE-based receiver for EDC in optical links. The design of an MLSE-based
receiver for optical data rates is made challenging because of
the high data rates ( 10 Gb/s), the linearity requirements on
dB , the need to recover
the front-end electronics SFDR
a low-jitter clock in presence of severe dispersion (closed eye),
the need for an ADC that samples at baud-rate, and the need for
a high-data-rate Viterbi decoder. Furthermore, such a complex
receiver needs to demonstrate a very low noise floor in order to
meet the input sensitivity specifications. The design presented
in this paper has met these stringent and complex specifications
through a variety of innovations at the algorithmic, architectural,
and circuit levels.
The use of complex DSP and linear mixed-signal circuits in
optical communications is a relatively new phenomenon. The
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latter leverages the cost-effectiveness of electronic solutions to
optical impairments. As such numerous challenges and opportunities exist in this area. The key among these are issues related
to power and performance, especially if MLSE-like techniques
are to migrate into enterprise networks, which are power- and
cost-sensitive applications. Key problems include robust clock
recovery in presence of dispersion, low-power low-precision
(6 bit or less) high-sampling rate (10 GS/s or more) ADCs, integration of complex high-frequency digital and analog blocks
on the same substrate, not to mention the numerous system design issues that arise from the inherent nonlinearity of the optical channel. It is clear that innovative solutions can only be
obtained by jointly addressing algorithmic, architectural, and
circuit issues.
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