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Abstract—High-speed ADC front-ends in wireline receivers
allow for implementing flexible, complex, and robust equalization
in the digital domain, as well as easily supporting bandwidth-effi-
cient modulation schemes, such as PAM4 and duobinary. However,
the power consumption of these ADC front-ends and subsequent
digital signal processing is a major issue. This paper presents
a 64-way 6 bit 10 GS/s time-interleaved successive-approxima-
tion-based ADC front-end that efficiently incorporates a two-tap
embedded FFE and a one-tap embedded DFE, providing the
potential for a lower complexity back-end DSP and/or decreased
ADC resolution. Fabricated in a 1.1V GP 65nm CMOS process,
the ADC with embedded equalization achieves 0.48 pJ/conv.-step
FOM, while consuming 79.1mW and occupying 0.33 mm2 core
ADC area. The effectiveness of the embedded FFE and DFE
is demonstrated with significant timing margin improvement
observed for 10 Gb/s operation over several FR4 channels.

Index Terms—ADC-based receiver, analog to digital converter
(ADC), decision feedback equalizer (DFE), embedded equaliza-
tion, feed-forward equalizer (FFE), successive approximation reg-
ister (SAR), time interleaving.

I. INTRODUCTION

A S THE DATA RATES of wireline communication links
increases, channel impairments such as skin effect, di-

electric loss, fiber dispersion, reflections and cross-talk become
more pronounced. This warrants more interest in analog-to-dig-
ital converter (ADC)-based serial link receivers (Fig. 1), as they
allow for more complex and flexible back-end digital signal
processing (DSP) relative to binary or mixed-signal receivers
[1]–[4]. Utilizing this back-end DSP allows for complex dig-
ital equalization and more bandwidth-efficient modulation
schemes, while also displaying reduced process/voltage/tem-
perature (PVT) sensitivity. Furthermore, these architectures
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offer straightforward design translation and can directly
leverage the area and power scaling offered by new CMOS
technology nodes.
One key issue with ADC-based receivers is the significant

power consumption of both the front-end ADC and the sub-
sequent digital equalization and symbol detection at high data
rates. Previous works, such as [4], [5], and [6], present tech-
niques to reduce the front-end ADC power by using optimal
positioning of threshold voltages, configurable resolution based
on the channel characteristics, and mixed-mode pre-equaliza-
tion. Embedding analog equalization in the ADC is another
promising approach to both reduce ADC resolution and digital
equalization complexity [7], allowing for improvements in
overall receiver power consumption with low-overhead imple-
mentations of the common feed-forward equalizer (FFE) and
decision-feedback equalizer (DFE) topologies used in wireline
receivers [8]–[11].
Feed-forward equalizers are effective in canceling a large

amount of inter-symbol interference (ISI) with a relatively
small number of taps. A 2-tap version of this equalizer
topology has been implemented in a time-interleaved (TI) flash
ADC with additional CML input stages that follow the input
track-and-holds (T/H) to realize the extra FFE tap [4]. While
this approach is effective, significant linearity, speed, and power
consumption trade-offs exist with this current-mode approach.
FFEs have also been embedded in successive approximation
register (SAR) ADCs [12], [13], with charge-sharing in a
capacitive digital-to-analog converter (CDAC) performing
the signal scaling and summation of multiple input samples,
followed by ADC conversion. However, a drawback of this
single-CDAC approach is that the main cursor signal is atten-
uated such that the FFE tap sum is always fixed, similar to
transmitter de-emphasis equalization [11].
Decision-feedback equalizers offer the ability to cancel post-

cursor inter-symbol interference (ISI) without amplifying noise
or cross-talk. Embedded multi-level decision-feedback equal-
ization (DFE) has been previously proposed for pipeline ADCs
[14]. As satisfying the DFE feedback critical timing path is not
trivial at high data rates, [14] employs loop unrolling or specu-
lative-summing [15] with additional comparators, resulting in
significant hardware overhead. A more efficient implementa-
tion in a SAR ADC involves the use of a redundant conversion
cycle [16], [17] rather than redundant comparators andDACs, to
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Fig. 1. A high-speed electrical link system with an ADC-based receiver.

Fig. 2. Block diagrams of (a) digital versus embedded DFE, and (b) digital
versus embedded FFE.

perform the loop unrolling operation. While this does increase
the number of required conversion cycles, the overhead is only
(8/7)X for a conventional 6 bit SAR converter.
This work presents a 10GS/s 6 bit ADC which efficiently in-

corporates both a novel 2-tap embedded FFE and a 1-tap em-
bedded DFE directly into the capacitive DAC of a time-inter-
leaved SAR ADC [17]. A key goal of this design was to demon-
strate the viability of the embedded equalizer approach for wire-
line receiver ADCs through the implementation of a 10GS/s
concept prototype. Section II presents statistical bit error rate
(BER) modeling results of ADC-based receivers that quantify
the performance advantages of embedded equalization. The pro-
posed embedded equalization techniques, which allow for flexi-
bility in equalizer tap weighting at minimal hardware and power
overhead, are analyzed in Section III. Section IV details the
ADC architecture and the main circuit blocks, where power is
further optimized through the use of dual voltage supplies. Ex-
perimental results from a general purpose (GP) 65 nm CMOS
prototype are presented in Section V. Finally, Section VI con-
cludes the paper.

II. EMBEDDED EQUALIZATION MODELING

Statistical link modeling [18] allows for both system voltage
and timing margins to be efficiently estimated. This section first
highlights the differences between a conventional architecture,

consisting of an ADC and subsequent digital equalization, and
a system with an ADC with embedded DFE and FFE. Results
from an ADC-based serial link statistical modeling tool [7] are
then presented that show the system performance impact of em-
bedded DFE and FFE equalization for 10 Gb/s operation over
four different FR4 channels.
A conventional architecture, consisting of an ADC and subse-

quent digital equalization, and a system with an ADC with em-
bedded DFE and FFE are shown in Fig. 2. In order to implement
a 1-tap DFE with NRZ signaling (Fig. 2(a)), the MSB of either
the digital equalizer output or the ADC with embedded DFE
is fed back, weighted by the DFE coefficient, and subtracted.
Quantization noise is reduced in the system with an ADC with
embedded DFE, as the equalization tap is subtracted from the
un-quantized analog input. In order to implement a 2-tap FFE
(Fig. 2(b)), the input signal is delayed, weighted by the FFE
coefficient, and then summed. Again, quantization noise is re-
duced in the system with an ADC with embedded FFE, as the
full analog resolution is preserved for the input, delayed signal,
and the final summation value. Previous statistical modeling
studies [7], [16] have shown that the quantization noise reduc-
tion offered by both the embedded DFE and FFE equalization
allows for both a lower ADC resolution and reduced digital
equalization complexity at a target BER.
In order to quantify the relative performance impact of

embedded DFE and FFE equalization, the four FR4 channels
of Fig. 3 are utilized. As shown in Fig. 3(a), the loss at the
5 GHz Nyquist frequency increases with channel length, with
the longest 30” channel having 23.8 dB attenuation. This is re-
flected in the time domain 10 Gb/s pulse responses (Fig. 3(b)),
where the ratio of the main cursor to the ISI cursor values
degrades with channel length. 10 Gb/s operation is modeled
with the statistical link tool, assuming a 500 mV transmit
swing, 1 mV receiver input-referred thermal noise, 5 mV
uniform supply noise, and receiver sampling jitter with a 0.02
unit interval (UI) deterministic component (DJ) in the form
of duty cycle distortion and a 0.02 random component
(RJ).
Fig. 4 shows the advantage of embedded equalization over its

digital counterpart for channels 1–3, with the receiver voltage
margin (BER = 10 ) obtained versus front-end ADC resolu-
tion for both digital and embedded implementations of a 2-tap
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Fig. 3. (a) Magnitude and (b) 10 Gb/s pulse responses of four FR4 channels.

FFE plus 1-tap DFE equalization structure. Similar to the pro-
totype discussed later, here the embedded 2-tap FFE consists of
an un-attenuated main cursor and an adjustable second FFE tap
with maximum coefficient resolution, while the em-
bedded DFE has an un-quantized analog resolution. Due to the
quantization error, the digital equalization implementation re-
quires more than 6 bits effective ADC resolution to achieve a
similar performance as the embedded equalization architecture.
The impact of the various embedded equalization schemes is
shown in the 10 Gb/s voltage and timing margins of Fig. 5(a)
and (b), respectively. For the case when no equalization is em-
bedded in the ADC, only the relatively low-loss 6” channel
displays an open eye. Including a 1-tap DFE allows cancella-
tion of the first post-cursor ISI term, which improves the 6”
channel margins and opens the previously closed eye for the
10” channel. However, operation is still not possible for the 15”
channel due to excessive residual ISI. As a 2-tap FFE can cancel
significant long-tail ISI, better margins are obtained relative to
the DFE-only scenario, with all three channels displaying open
eyes. Combining both the 2-tap FFE and 1-tap DFE yields the
best margins, with the 15” channel having the largest 6X in-
crease in voltage margin relative to the FFE-only case. Finally, it
is interesting to consider the potential impact adding a front-end
continuous-time linear equalizer (CTLE) can have, particularly
with the highest-loss 30” channel. As shown in the Fig. 5(c)
voltage and timing margins, combining embedded equalization
with a front-end CTLE allows for opening a previously closed
eye, with the embedded DFE providing a higher relative im-
provement versus embedded FFE.
These modeling results show that embedded equalization can

be useful for both reducing the required ADC resolution and
providing a better input signal for subsequent digital equaliza-
tion, translating into a simpler digital back-end. Although it is
beyond the scope of the presented work, the embedded DFE
can also be used to enable a hybrid receiver mode [3]. For low
ISI channels, only the embedded equalization is used with a re-
duced reconfigurable ADC resolution, while for high ISI chan-
nels where the embedded equalization alone does not provide

Fig. 4. Simulated voltage margin versus ADC resolution with both digital and
embedded implementations of a 2-tap FFE + 1-tap DFE equalization structure
for channels 1–3 in Fig. 3.

the target BER, the embedded DFE can be disabled to avoid po-
tential error propagation and the front-end ADC with embedded
FFE allows for a reduced complexity digital equalizer relative
to a separate dual-path front-end implementation [3].

III. SAR ADC WITH LOW-OVERHEAD EMBEDDED
FFE AND DFE

In order to leverage the potential performance improvements
predicted by the modeling results of the previous section, low-
overhead implementations of embedded FFE and DFE are nec-
essary. This section describes a novel approach to efficiently
embed both a 2-tap FFE and 1-tap DFE into a time-interleaved
SAR ADC, with the conceptual operation first explained, fol-
lowed by the switched-capacitor implementation details.

A. Unit ADC With Embedded 2-Tap FFE and 1-Tap DFE

A sequential block diagram detailing the different operation
phases of the proposed unit SAR ADC with embedded 2-tap
FFE and 1-tap DFE is shown in Fig. 6. In order to realize
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Fig. 5. Impact of including embedded DFE and FFE equalization on (a) voltage
margin and (b) timing margin for channels 1–3 in Fig. 3, with tap coefficients
shown for the embedded equalization. (c) Impact of including embedded DFE
and FFE equalization on voltage margin and timing margin in the presence of a
front-end CTLE for channel 4 in Fig. 3.

the 2-tap FFE, this implementation uses the output of two
consecutive track-and-holds (T/Hs) found in a time-interleaved
(TI) architecture. Both the current input voltage and the
previous input voltage are sampled during the first
cycle, with a weighting factor of applied to via
charge sharing in a CDAC. These two voltages are subtracted
at the input of the comparator during the subsequent conversion
periods to create the transfer function of a 2-tap FFE. The

redundant cycle 1-tap DFE is realized in the second and third
cycle, with the MSB value first computed with a co-
efficient value and latched, followed by the MSB computation
with a value in the next cycle [16]. This allows the use
of only one comparator and DAC, as in a conventional SAR
ADC. At the end of the second MSB cycle the previous symbol
MSB is used to select the correct computation and polarity
to use in all the remaining SAR conversion cycles. While the
redundant cycle 1-tap embedded DFE adds some latency to the
data conversion process, the critical delay path is similar to that
of a loop-unrolled 1-tap DFE, as detailed in [16]. Overall, eight
equal cycles are used for each sample conversion in a 6 bit
ADC, including the sampling cycle and the redundant cycle
for the embedded 1-tap DFE. For a given total ADC sample
rate, the proposed redundant cycle method results in an (8/7)X
increase in time-interleaving factor and conversion latency, and
almost the same increase in the core ADC area.

B. Switched-Capacitor Implementation

Fig. 7(a) shows a simplified single-ended unit ADC
schematic to illustrate the switched-capacitor implementa-
tion of the 2-tap FFE and 1-tap DFE during the first three
phases of the SAR conversion, the sampling phase and the
two redundant-cycle MSB computations. An efficient imple-
mentation of the redundant cycle 1-tap embedded DFE MUX
is realized with the current input sampling capacitor and
switches between , and GND. The sampled input on
also acts as the un-attenuated main cursor tap for the embedded
FFE. Embedding the second FFE tap inside the negative-input
capacitive DAC structure is achieved with the switches
that select between the previous input or GND to provide the
coefficient weighting without impacting the main cursor value.
During the sampling cycle is sampled on the capac-

itor using top-plate sampling, while is sampled on a por-
tion of the negative-input DAC capacitors using bottom-plate
sampling, as shown in Fig. 7(b). The FFE coefficient is defined
by a 5 bit word , set to 10001 in this example to
charge only 16 and capacitors with and discharge
the other DAC capacitors. In the next cycle (Fig. 7(c)) the
switches are OFF and the bottom-plate of all the negative-input
DAC capacitors are connected to ground. The resultant charge
sharing induces a value at the comparator negative
input. By having the main cursor value at the comparator
positive input, assuming the DFE coefficient for now,
the voltage appears at the comparator differ-
ential input to emulate the 2-tap FFE, where only the post-cursor
tap coefficient is adjustable. Note that while a negative version
of the previous input voltage is required in this tech-
nique, this is easily available in a fully differential architecture.
Considering a non-zero DFE coefficient for this first MSB cycle,
the comparator differential input voltage is
due to the top side of being connected to . The MSB
value for this DFE tap polarity is then stored in a latch. In the
next phase (Fig. 7(d)), the MSB is re-evaluated for the oppo-
site DFE tap polarity, as the top side of is now connected to
, resulting in a differential voltage at the comparator input of
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Fig. 6. Conceptual schematic of a unit SAR ADC with the proposed sampled 2-tap embedded FFE and redundant cycle 1-tap embedded DFE.

Fig. 7. Simplified unit SAR ADC with embedded 2-tap FFE and 1-tap DFE: (a) single-ended schematic, and operation during the (b) sampling phase, (c) first
MSB evaluation, and (d) second MSB evaluation assuming for the FFE.

. The correct MSB decision is then made
based on the MSB of the previous ADC channel, and for the re-
maining ADC bit cycles the corresponding switch for selecting

or is fixed till the end of the SAR conversion period.
According to Fig. 7, the FFE second tap coefficient
normalized to the main cursor tap is ideally equal to

, where represents the binary-to-dec-
imal conversion operator. However, since the main cursor is

sampled directly on the top-plate of , while bottom-plate
sampling is employed for the second tap, some attenuation
is introduced at the DAC output due to capacitive division
between the DAC capacitors and the comparator input capac-
itance. In practice can be calculated as

(1)
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Fig. 8. Block diagram of the 64-way time-interleaved SAR ADC with embedded FFE and DFE.

Fig. 9. Fully differential schematic of the unit ADC with sampled 2-tap embedded FFE and redundant cycle 1-tap embedded DFE.

where is the total CDAC capacitance, and is the com-
parator input capacitance. Although not included in the current
prototype, extra digitally controlled capacitors can be added to
the capacitive DAC in order to control the FFE tap coefficient
with one more degree of freedom.

IV. ADC DESIGN

A. Time-Interleaved Architecture

Fig. 8 shows the implementation of the SAR ADC with
embedded FFE and DFE in a 10 GS/s 6 bit converter with
64 time-interleaved unit ADCs. The entire 64-way time-inter-
leaved structure consists of eight time-interleaved sub-ADCs,
where each sub-ADC operates at 1.25 GS/s and is
formed by eight parallel unit ADCs. Each unit ADC has eight

operation cycles: one for input/2-tap FFE sampling, six for
bit conversions, and one extra cycle for the embedded 1-tap
DFE. Eight front-end track-and-holds, one per sub-ADC, are
employed to allow for the use of only eight critical sampling
phases at 1.25 GHz. Calibration DACs are included for both
comparator offset correction in all 64 unit SAR ADCs and
sampling clock skew correction for the eight front-end T/H
sampling phases.

B. Unit ADC With Embedded 2-Tap FFE and 1-Tap DFE

The fully differential schematic of the 6 bit unit SAR ADC
with embedded 2-tap sampled FFE and redundant cycle 1-tap
embedded DFE is shown in Fig. 9. A modified StrongArm com-
parator with two differential input pairs is used. One input pair
is connected to the sampling capacitor, which samples the main
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cursor and implements the embedded 1-tap DFE functionality.
The other input pair is connected to the DAC output, which also
implements the FFE second-tap. Since part of the DAC capac-
itors are connected to the output whose hold phase
ends 1 UI 100 ps sooner than , a modified version of
the sampling phase , which falls to zero 100ps in advance
of normal sampling phase (Fig. 8), is used for connecting
the top-plate of the DAC capacitors to the input common-mode
voltage during the sampling phase.
A merged capacitor switching (MCS) scheme [19], which al-

lows for very low switching energy and reduced area through
removing the MSB capacitor, is employed in the DAC of each
6 bit unit SAR ADC. To further reduce DAC area, a custom
layout with a 0.45 fF metal-oxide-metal (MOM) unit capac-
itor is employed, as shown in Fig. 10(a). Minimum width
metal 4 (MET4) and metal 5 (MET5) layers with minimum
spacing are used, resulting in the optimum desired capacitance
value with respect to the bottom-plate parasitic capacitance to
the substrate. Both matching and noise performance are con-
sidered in the selection of the unit capacitor value. Monte Carlo
simulations of the worst-case DNL error due to DAC capacitive
mismatch, which happens in the transition from 01111 to 10000
in the utilized 5 bit CDAC, are shown in Fig. 10(b). These results
consider both process and local mismatch variations, with the
Monte Carlo parameters extrapolated beyond the 4 fF minimum
MOM capacitor offered by the design kit [20]. Since the spacing
of the metal fingers in the MOM capacitor is always equal to
the minimum 100nm, the unit capacitor mismatch is ap-
proximately scaled by the square root of the capacitor area con-
trolled by the finger length and number of fingers. The 0.45 fF
unit capacitor value results in this maximum DNL error having

0.5 LSB at 6 bit resolution. This value is also larger than
the 0.136 fF capacitor size required for an additive noise voltage
less than 0.5 with a 500 mV maximum swing.
As the two-stage dynamic comparator allows for high perfor-

mance at low supply voltages [21], a lower 0.9 V is
used for the comparator and SAR logic to reduce the core ADC
power, while the nominal 1.1 V is used for the DAC
switches. A foreground technique [16] is employed to control
the pseudo-differential 6 bit current-steering DACs that perform
offset calibration of the 64 comparators in the time-interleaved
ADC. By injecting this calibration current into the internal com-
parator nodes, an offset correction 3 mV is achieved. Fig. 11
shows the simplified setup for foreground offset calibration. The
ADC differential input is set to zero by connecting both pos-
itive and negative inputs to the 300-mV input common-mode
voltage. A 64-to-1 MUX is then used to choose the MSB of the
unit ADC under calibration. The optimum calibration code, ap-
plied using the serial scan chain, is determined when the MSB
of the unit ADC under test toggles between 0 and 1 with near
50% probability. Simulations show that the temperature vari-
ation impact on the unit ADC residual offset after initial fore-
ground calibration is +62 V C for the worst calibration code,
which is tolerable for the 6 bit ADCwith mV input range.
Furthermore, the comparator input pairs sharing the same source

Fig. 10. (a) Custom layout of the capacitive DAC with 0.45 fF MOM unit ca-
pacitors. (b) CDAC worst-case 01111 to 10000 transition DNL simulation re-
sults using 1000 Monte Carlo iterations.

connection are swapped as and (Fig. 9)
in order to decrease the sensitivity to common-mode variations
between the differential input and reference terminals. This con-
figuration also helps with the comparator sensitivity near a large
DAC differential output.
In order to relax the comparator device sizing constraints and

also maintain low metastability error impact, the metastability
detection and correction algorithm detailed in Fig. 12 is utilized.
Metastability is detected by sampling the XOR of the com-
parator differential outputs using a version of the comparator



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

8 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 11, NOVEMBER 2014

Fig. 11. Simplified diagram of the foreground offset and clock skew calibrations setup.

Fig. 12. Metastability detection and correction algorithm.

clock delayed by half a bit cycle period (400ps). If the sampled
XOR output is ZERO, the comparator input is not large enough
to force the outputs into distinguishable logic levels after half
a clock cycle and metastability has occurred. The MT signal
is then set to ONE and a metastable-then-set (MTS) algorithm
[22] is used to assign the current bit to ONE and the remaining
bits to ZERO. Utilizing theMTS algorithm, now the comparator
sizing is not dictated by a very low metastability error specifica-
tion; instead, it can be relaxed in a manner to just resolve digital
output levels for a 0.5 V input in less than half a bit cycle
period. This way metastability only happens for inputs less than
0.5 V away from the assigned digital output by the MTS al-
gorithm, and the maximum output error due to metastability is
only one LSB. In order to reduce the probability of the XOR de-
tector going into a metastable state, it should be verified that the

Fig. 13. Front-end T/H schematic with dummy OFF switches for high-fre-
quency input feed-through cancellation.

combination of comparator andXOR achieve the target metasta-
bility error rate. However, since these two stages are cascaded,
this error is exponentially reduced, and it is usually not critical.

C. Front-End T/H

Fig. 13 shows the front-end T/H in each sub-ADC, consisting
of a switched capacitor sampling network using a bootstrapped
switch [23] followed by an active source-follower based buffer.
Based on simulation results, the bootstrapped switch structure
proves necessary for not limiting the linearity of the 500 mV
swing 6 bit core ADC over the entire 5 GHz input frequency
range. Extra cross-coupled OFF dummy transistors are used
at the input pair, with the same size as the main bootstrapped
NMOS switches, to partially cancel the feed-through path be-
tween source and drain of the sampling switch. These dummy
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Fig. 14. Front-end T/Hs sampling clocks generation, distribution, and calibration network.

transistors improve the front-end T/H linearity, specifically at
high input frequencies.
The front-end T/H architecture allows for a large input

sampling bandwidth, as the sampling capacitor is just the input
capacitance of the pseudo-differential PMOS source-follower
buffer stage. This buffer drives the core ADC input capacitance
and provides isolation from kick-back noise. Simulation results
show a low-frequency gain of 1.9 dB and a 5 GHz 3 dB
bandwidth for the buffers. Transient simulations also verify that
with a 300mV input common-mode voltage and a 500 mV
input swing, a linearity better than 6 bits is achieved up to a
5 GHz input bandwidth with a 1.25 GHz sample clock. On-chip
buffering of the reference and common-mode voltages, gen-
erated off-chip, is also performed with similar PMOS source
follower stages.

D. Multi-Phase Sampling Clock Generation and Calibration

Eight equally spaced sampling phases for the front-end T/Hs
are generated from an input 5 GHz differential clock, as shown
in Fig. 14. A pseudo-differential self-biased input stage buffers
the 5 GHz differential clock to drive a divide-by-4 stage. Uti-
lizing four symmetric clocked SR latches [24] in a loop creates
eight 1.25 GHz clock phases spaced at 100 ps.
A sinewave-input FFT-based foreground method [16] is used

to digitally control MOS capacitor arrays in the per-phase distri-
bution network to calibrate the phase mismatches between the

eight critical sampling phases. Fig. 11 shows the clock skew
calibration setup, where the optimum calibration code for each
sampling phase is obtained using a successive approximation al-
gorithm.Measurement results verify that the clock skew calibra-
tion has a resolution of about 0.4 ps and allows for a maximum
tuning range of 39 ps per phase. This is sufficient to compensate
for the mismatch 6 ps between consecutive sampling phases
observed in Monte Carlo simulations of the clock input buffer,
divider, and distribution network.

V. EXPERIMENTAL RESULTS

A chip microphotograph of the prototype 6 bit ADC, which
was fabricated in a GP 65 nm CMOS process and occupies a
total active area of 0.52 mm , is shown in Fig. 15. The core
time-interleaved ADC, consisting of eight sub-ADCs that each
have eight parallel unit SAR ADCs, occupies 0.33 mm . In
order tominimize the criticalMSB delay path for DFE operation
at 10 Gb/s, the order of the unit ADCs in each sub-ADC is opti-
mized to decrease the maximum distance between consecutive
ADCs. This maximum distance is about 400 m length, which
adds a 70 fF capacitive load due to routing. An inverter chain
drives this load, while meeting the 100 ps critical delay path in-
cluding the 1-tap DFEMUX. Routing from the sampling clocks
phase generator and the parasitic capacitance on the input lines
is minimized by placing the eight front-end T/Hs close together
in the vicinity of the differential input pads. Also, splitting the
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Fig. 15. Prototype ADC chip microphotograph and core ADC floorplan.

global reference and common-mode voltage buffers equally on
the top and bottom of the core ADC layout improves the sym-
metry among the unit ADCs. Local decoupling capacitors in
each unit ADC reduce the impact of kickback noise on the ref-
erence and common-mode voltages, routed from the two sets
of on-die global source-follower based buffers, to an acceptable
level for a 6 bit ADC.

A. Core ADC Characterization

In characterizing the general performance of the 6 bit ADC,
both the DFE coefficient and FFE coefficient are set to
zero. After calibrating the offset errors among the 64 time-in-
terleaved unit ADCs and the phase errors of the eight sampling
clocks, the dynamic performance of the full time-interleaved
ADC at 10 GHz sampling frequency is shown in Fig. 16. A low
input frequency maximum SNDR of 29.19 dB is achieved, pri-
marily limited by nonlinearity in the unit ADCs, which trans-
lates to an effective number of bits (ENOB) of 4.56 bits. The
ADC achieves an effective resolution bandwidth (ERBW) of
4.53 GHz, with a 4.03 bits ENOB at this ERBW. Fig. 17 shows
the frequency spectrum of the 10 GS/s ADC output using an
2.4994 GHz input frequency for three cases, before calibra-

tion, after only offset calibration, and after both offset and clock
skew calibrations. Before calibration, both the distortion har-
monics due to offset mismatch, located at , and phase
mismatch, located at , limit
the performance. Performing only offset calibration provides a
marginal 1.9 dB improvement in SNDR. However, after cali-
brating for both offset and sampling clock skew, the distortion
harmonics due to offset and phase mismatches are non-domi-
nant, and the ADC performance is limited by the nonlinearity

Fig. 16. ADC SNDR and SFDR vs. input frequency at .

of the core ADC and the raised uniform noise floor due to the
equipment-limited sampling clock jitter.
A sinewave histogram technique [25] is utilized for static

characterization. Fig. 18 shows that, with a 9.746 MHz input at
10 GS/s, the maximum DNL and INL values for the 6 bit ADC
are 0.19/ 0.15 LSB and 0.65/ 0.23 LSB, respectively.

B. Embedded Equalization Characterization

The range and resolution of the embedded FFE are extracted
by averaging the ADC output variation as a function of the 5 bit
FFE second tap coefficient with a maximum
DC input voltage 0.25 V for the 500 mV input range.
As shown in Fig. 19(a), since the second FFE tap is hardwired
to subtract from the main cursor as a high-pass filter, the ADC
output variation starts from 0 for and linearly
decreases to more negative values as the coefficient reaches its
maximum . The maximum ADC output
variation is about 8 LSB, for a maximum 25% range for the
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Fig. 17. 10 GS/s ADC normalized output spectrum for
using a 16k-point FFT: (a) before calibration, (b) after only offset calibration,
and (c) after offset and clock skew calibration.

second FFE tap relative to the main cursor. While the coeffi-
cient maximum range is limited by the 40 fF , consisting
of the comparator input devices, DAC capacitance to substrate,
and wire capacitance, the linear transfer characteristic allows
the 5 bit FFE tap coefficient to achieve a resolution about four
times smaller than the core 6 bit ADC.
A similar procedure is utilized to extract the range and reso-

lution of the embedded 1-tap DFE, but with two DC input cases
of 0.25 V and 0.25 V, i.e., the extremes of the
500 mV input range. As shown in the right-half of Fig. 19(b),
for 0.25 V, the MSB should resolve to one and the DFE

Fig. 18. DNL/INL plots with at .

Fig. 19. Measured tap coefficient range and resolution using DC input voltages
for embedded (a) FFE 2nd tap, and (b) 1-tap DFE.

coefficient should subtract from the input voltage, resulting in
the averaged ADC output code linearly decreasing as the DFE
coefficient is increased. With 0.25 V the DFE coeffi-
cient should effectively add to the input voltage, and in the left
half of Fig. 19(b) the averaged ADC output code linearly in-
creases as the absolute value of the DFE coefficient is increased.
A similar range of 25% of the ADC maximum input range
is observed for the embedded DFE coefficient, with the linear
transfer characteristic also displaying a resolution better than the
6 bit ADC.
In order to verify the functionality of the embedded equaliza-

tion schemes, a 10Gb/s 2 1 PRBS input is passed through
a 10” FR4 channel (channel 2 from Fig. 3) from a Centellax
PCB12500 transmit module and the output of the prototype 6 bit
ADC is measured using the test setup shown in Fig. 20. The
mid-point digitized eye diagram at the ADC output after recon-
struction of the digital 6 bit output word is shown in Fig. 21
without and with embedded equalization enabled. Due to ISI,
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Fig. 20. Embedded equalization characterization test setup.

TABLE I
ADC PERFORMANCE COMPARISON

disabling the ADC embedded equalization results in a closed
eye and all 64 codes being present. Independently activating the
1-tap DFE and 2-tap FFE results in an eye opening of 9 LSB and
15 LSB, respectively. Enabling both embedded FFE and DFE
improves the eye opening to 19 LSB, which verifies the effec-
tiveness of the proposed implementation.
BER measurements are also performed on the three 6”, 10”

and 15” FR4 channels from Fig. 3 in order to further verify
the embedded equalization operation. The BER bathtub curves
of Fig. 22 are produced with a 500 mV 2 1 PRBS input
without any transmit equalization applied to the channel and the
MSB output of the ADC fed back to the Centellax PCB12500.
For the case when no equalization is embedded in the ADC,

only the relatively low-loss 6” channel displays an open eye
with 0.3 UI timing margin at a BER 10 . Activating only
the 1-tap DFE improves the 6” channel margins and opens the
previously closed eye for the 10” channel. However, operation
is still not possible for the 15” channel due to excessive residual
ISI. Activating only the 2-tap FFE allows a more significant im-
provement, with all three channels displaying open eyes. En-
abling both the 2-tap FFE and 1-tap DFE yields the best margins,
with a 0.37 UI timing margin achieved with the highest-loss 15”
channel.
Note that the 25% maximum range of the embedded equal-

ization tap coefficients limits the stand-alone system operation
for channels with less than 20 dB Nyquist attenuation, where
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Fig. 21. Measured digitized 6b ADC output (a) without equalization, (b) with
only 1-tap embedded DFE, (c) with only 2-tap embedded FFE, and (d) with both
embedded FFE and DFE, for a 10 Gb/s 2 1 PRBS input over a 10-inch FR4
channel.

mixed-signal receivers, such as a CTLE followed by a DFE,
are generally more energy efficient. While utilizing a subse-
quent digital equalizer with the presented front-end ADC with
embedded FFE should allow for the support of higher loss
channels, this was beyond the scope of the presented work. In
order to allow the stand-alone ADC with embedded equaliza-
tion to support higher-loss channels, a solution to increase the
equalization taps’ range relative to the main cursor is to sample
the main cursor on the bottom plate of the switched-capacitor
sampling network in each unit ADC. Due to the parasitic
capacitance at the comparator input, this attenuates the main
cursor in a similar manner as the DFE tap and second FFE
tap, which can ideally increase the maximum achievable tap
coefficient range to near 100% of the main cursor. The authors
are currently implementing this solution in a future ADC-based
receiver prototype.

C. Performance Summary

The 10 GS/s ADC with embedded equalization consumes
79.1 mW, with the power breakdown shown in Fig. 23. The
core TI-ADC consumes the majority of the power, followed
by the front-end T/Hs and reference/common-mode buffers,
and the phase generator power of the input clock buffer, phase
generator block, and distribution network.
Table I summarizes the main specifications and compares

this work with previously reported CMOS ADCs with sam-
pling rates around 10 GHz. To the best of our knowledge,
this is the first 10 GS/s ADC with combined embedded FFE
and DFE functionality. The figure of merit (FOM) for the
prototype ADC (also known as Walden’s FOM [26]) results
in a 0.48 pJ/conv.-step, considering the ENOB at ERBW.
Performance comparable to the ADCs in [27]–[31], which do
not include any equalization functionality, is obtained. While
the advanced flash-ADC architecture of [31] achieves a better
FOM, the presented dual-supply design offers the potential
for lower-voltage operation. Compared to the designs in [3]
and [4], which are examples of state-of-the-art ADC-based

Fig. 22. Measured bathtub curves without and with embedded equalization for
a 10 Gb/s 2 1 PRBS input over (a) 6-inch FR4, (b) 10-inch FR4, and (c)
15-inch FR4 channels, with channel frequency responses shown in Fig. 3(a).

receivers, the proposed ADC with embedded 2-tap FFE and
1-tap DFE achieves a better ADC FOM while also including
the low-overhead embedded equalization schemes.

VI. CONCLUSION

This paper presented a 10 GS/s 6 bit ADC which efficiently
incorporates both a novel 2-tap embedded FFE and a 1-tap em-
bedded DFE. Statistical BER modeling results of ADC-based
receivers show that an ADC with embedded equalization can
provide both voltage and timing margin improvements for FR4
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Fig. 23. ADC power breakdown.

channels. These equalization functions are embedded in the ca-
pacitive DAC of a time-interleaved SAR ADC, with the FFE
post-cursor tap efficiently implemented in the reference DAC,
and a redundant cycle technique employed to relax the DFE crit-
ical feedback timing path. Measurements verify that the em-
bedded equalization circuitry provides improved timing mar-
gins over several FR4 channels. While the maximum embedded
equalization coefficient range limits system operation to chan-
nels with less than 20 dB Nyquist attenuation, the authors are
currently investigating alternative unit ADC sampling schemes
for support of 30 dB attenuation channels. Leveraging the pro-
posed ADC with embedded equalization design techniques in
wireline receivers has the potential to allow for reductions in
ADC resolution and digital equalization complexity.
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