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A 0.002-mm 6.4-mW 10-Gb/s Full-Rate Direct DFE
Receiver With 59.6% Horizontal Eye Opening Under

23.3-dB Channel Loss at Nyquist Frequency
Yong Chen, Member, IEEE, Pui-In Mak, Senior Member, IEEE, Li Zhang, and Yan Wang

Abstract—This paper reports a full-rate direct decision-feed-
back-equalization (DFE) receiver with circuit techniques to widen
the data eye opening with competitive power and area efficiencies.
Specifically, a current-reuse active-inductor (AI) linear equalizer
is merged into a clocked-one-tap DFE core for joint-elimination of
pre-cursor and long-tail post-cursors. Unlike the passive-inductor
designs that are bulky and untunable, the AI linear equalizer
offers orthogonally tunable low- and high-frequency de-emphasis.
The clocked-one-tap DFE resolves the first post-cursor via re-
turn-to-zero feedback data patterns for sharper data transition
(i.e., horizontal eye opening), and is followed by a D-flip-flop slicer
to maximize the data height (i.e., vertical eye opening). A 10-Gb/s
DFE receiver was fabricated in 65-nm CMOS. Measured over an
84-cm printed circuit board differential trace with 23.3-dB channel
loss at Nyquist frequency (5 GHz), the achieved figure-of-merit is
0.027 pJ/bit/dB (power consumption/date rate/channel loss). At
10 bit error rate under 2 1 pseudorandom binary sequence,
the horizontal and vertical eye opening are 59.6% and 189.3 mV,
respectively. The die size is 0.002 mm .

Index Terms—Active inductor (AI), analog one-tap nonre-
turn-to-zero (NRZ) feedback, bathtub curve, bit error rate (BER),
channel loss, clocked-one-tap return-to-zero (RZ) feedback,
CMOS, decision feedback equalization (DFE) receiver, horizontal
eye opening, pseudorandom binary sequence (PRBS), vertical eye
opening.

I. INTRODUCTION

F OR BETTER power and area efficiencies of massively
parallel I/O links in microwave backplane data [1]–[6]

and optical fiber transceivers [7], [8], circuit advances must
be made to each decision-feedback-equalization (DFE) receiver
node to reduce the inter-symbol interference (ISI) induced by
the lengthy printed circuit board (PCB) traces, which induce se-
vere frequency-dependent channel loss caused by the dielectric
loss and skin effect. For instance, an 84-cm PCB differential
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Fig. 1. Characteristics of an 84-cm FR4 differential microtrip trace. (a) Mea-
sured channel loss is 14.1/18.7/23.3 dB at 3/4/5 GHz in frequency domain.
(b) Normalized pulse response sampled at 1-UI (100 ps) with precursor and
long-tail post-cursors in time domain.

trace can exhibit heavy channel loss (e.g., 23.3 dB at 5 GHz), as
shown in Fig. 1(a). The normalized pulse response in Fig. 1(b)
intuitively illustrates the existence of both precursor and long-
tail post-cursors. Both of them can dominate the channel-in-
duced ISI in the time domain polluting the eye diagram. In fact,
to meet a specified bit error rate (BER) (e.g., ) in
the bathtub curves, both vertical and horizontal eye opening are
crucial. When optimizing the figure-of-merit (FOM) [1] defined
by power consumption per data rate per channel loss (pJ/bit/dB),
the clearness of the eye diagrammust be accounted to justify the
overall equalization efficacy.
The long-tail post-cursors can last for a number of symbol

periods, commonly entailing a large number of discrete taps to
address them [2]. Regrettably, each tap calls for extra power and
area, while adding more parasitic capacitance to the summation
node. Recently, certain efforts [3]–[5], [9], [10] were shifted to
the continuous-time infinite impulse response (IIR) filter for its
better efficiency. A properly optimized IIR filter can suppress
most long-tail post-cursors, but has to pre-evaluate its exponen-
tial function for matching with the long-tail response. Another
concern of the IIR filter is the tight tradeoff among the number
of taps, die areas (e.g., passive RC in the IIR filter) and power
(e.g., current path associated with each tap). Another attempt
[11] was to combine the equalization benefits of both the linear
equalizer and one-tap speculative (unrolled) DFE. The linear
equalizer, separately optimized from the DFE, is responsible for
the long-tail post-cursors, leaving only the first post-cursor to
be addressed by the one-tap speculative DFE. Still, this scheme
could not address the precursor, which generally appears in the
PCB channel loss [see Fig. 1(b)].
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One major design consideration of the DFE is the receiver
architecture. Comparing with the half-rate DFEs [4], [5], [12],
the full-rate direct DFEs [13], [14] are more favored for its
simple clocking, and compact layout fully benefitting from the
and parasitic improvements of fine linewidth CMOS tech-

nologies. Structurally, only a summer for the input and tap feed-
back signals, and a data flip-flop (DFF) as the slicer are entailed.
The main challenge is the settling accuracy of the feedback
signal at the summer output before detecting the next symbol
(i.e., within one-unit-interval (1-UI) feedback loop delay). Sev-
eral solutions have been reported to improve the horizontal eye
opening. For instance, the DFE receiver in [13]merges the adder
and slicer, boosting the operation speed to 20 Gb/s with a FOM
of 0.171 pJ/bit/dB. Another way was to use an unclocked DFE
receiver [8], [14] with a variable delay to accurately tune the
feedback path for optimizing the horizontal eye opening. Yet,
the power and area are still penalized due to the separately de-
signed linear equalizer and DFE core.
This paper describes a 65-nm CMOS 10-Gb/s full-rate di-

rect DFE receiver suitable for most backplane communication
systems that feature a general PCB channel-loss profile [see
Fig. 1(a)] including precursor and long-tail post-cursors [see
Fig. 1(b)]. It is a merged architecture combining a current-reuse
active inductor (AI) linear equalizer to cope with both precursor
and long-tail post-cursors, with a clocked-one-tap DFE core
to resolve the residual first post-cursor. Unlike the traditional
one-tap analog nonreturn-to-zero (NRZ) feedback, the clocked-
one-tap is based on return-to-zero (RZ) feedback data patterns.
Together with a DFF as the slicer, both signal amplitude and
data-to-data transition are improved, rendering the techniques
well suited for full-rate direct DFE that has a tighter timing
margin than its half-rate counterparts [1].
This paper is organized as follows. The architecture of

the proposed full-rate direct DFE receiver is introduced in
Section II. The circuit implementation and simulation results
are detailed in Section III. The experimental results are reported
in Section IV. Finally, Section V draws the conclusions.

II. PROPOSED FULL-RATE DIRECT DFE RECEIVER
WITH MERGED ARCHITECTURE

To save the die area, inductorless (passive) realization is pre-
ferred. This work focuses on an inductorless full-rate direct DFE
receiver. A typical design [13], [14] (Fig. 2) normally consists
of a linear equalizer and a full-rate one-tap direct DFE core that
are separately designed and powered. The linear equalizer is to
gain-boost the input signal (with severe ISI), while
transferring the equalized signal to the DFE in the voltage mode.
The summation path in the DFE converts the equalized voltage
signal of the linear equalizer to the present current signal
as the main tap signal, and simultaneously, the one-tap analog
feedback path converts the previous voltage signal
to the previous current signal as the NRZ signal pattern.
Next, the two current signals are summed in the current mode
at so as to eliminate the first post-cursor. Finally, the DFF
as the slicer [13] resolves and amplifies the equalized signal to
larger amplitude before conveying it to the subsequent circuitry.
Notably, the sum operation in the DFE is a subtraction of cur-
rent, rendering . It implies that the required signal

Fig. 2. Typical full-rate direct DFE with one-tap analog NRZ feedback. The
linear equalizer and DFE core are separately powered.

Fig. 3. (a) Proposed full-rate direct DFE receiver combines an AI linear equal-
izer with a clocked-one-tap RZ feedback technique. (b) Same DFE receiver, but
with the traditional one-tap analog NRZ feedback for comparison.

swing at the summation node is undemanding, even under a typ-
ical 1.2-V supply in 65-nm CMOS. Thus, merging more func-
tions in one cascode cell for current-reuse becomes a prospec-
tive direction for power savings, while improving the perfor-
mances due to less -to- and -to- conversions; both just
generate noise and nonlinearity.
This work introduces a compact linear equalizer featuring

a current-reuse AI [15]. It is merged into the DFE core [see
Fig. 3(a)] as the main tap path. The linear equalizer directly
converts the input voltage signal with severe ISI into an equal-
ized current signal, with the AI mainly responsible for the tun-
able gain peaking at high frequency. Targeting a signal swing



CHEN et al.: 0.002-mm 6.4-mW 10-Gb/s FULL-RATE DIRECT DFE RECEIVER 3109

Fig. 4. Timing diagram of the proposed full-rate direct DFE receiver and corresponding one [see Fig. 3(a) and (b)].

200 mV at the summation node, one can properly elevate
the supply to 1.5 V, to absorb the voltage headroom consumed
by the AI. With proper biasing, an elevated supply can create
more design headroom to balance the signal swing and tran-
sistor overdrives without overstressing all devices [16]. The AI
linear equalizer can eliminate both precursor and long-tail post-
cursors via its orthogonally tunable low- and high-frequency
de-emphasis.
For the first post-cursor, it is addressed by the clocked-

one-tap RZ feedback associated with the DFE core. It converts
the previously sliced data into a RZ tap current under the
corresponding tap weight. and are then current summed
and converted into a voltage via the load resistor .
The DFF slices the present data at and delivers a clearly
opened including the main cursor.
To show the effectiveness of the clocked-one-tap RZ feed-

back [see Fig. 3(a)], one can compare it with the traditional
one-tap analog NRZ feedback [see Fig. 3(b)]. For brevity, only
the internal-node timing diagrams are discussed. As illustrated
in Fig. 4, the AI linear equalizer converts the unequalized
voltage (i.e., with ISI) as the present symbol
into an equalized current as the present symbol .
When the clock is high (e.g., Case 1), the previous symbol

that is the equalized data after DFE from the previous
symbol with ISI will mix with to produce the
feedback current signal after the feedback delay time

. The clock’s falling edge is the sampling time. Before it,
the equalized data after DFE must be
settled in . The DFF as a slicer takes to deliver

. In fact, Fig. 3(a) and (b) features the same expression
for the feedback loop delay constraint as given by

(1)

where consists of two parts: one is the feedback delay
time and another one is the required time of the DFF (e.g.,

). Fig. 3(a) and (b) differs only in terms of ,
which will be detailed in Section III. Traditionally, shortening
the critical feedback loop delay is the main focus for optimiza-
tion, but this work proposes to change the feedback signal pat-
tern for better equalization effects. The key difference of the
two timing diagrams in Fig. 4 is the feedback current signal

with RZ (red line in online version) and NRZ (black line),
which effectively improve the horizontal opening of the eye di-
agram at the summation node. For example, at Case1, the equal-
ized signal combines and after . While for the
analog NRZ feedback, the previous feedback signal
at cannot help the equalized signal at the summation node.
Here, at the second half clock period contribute effec-
tively to the summing process such that the equal-
ized signal in Case1 will be more “lower” before the rising
time and more “higher” after it. As such, the transition edge of

is more horizontally opened between the adjacent two data
crossing, resulting in wider eye opening.
Differing from the the usual analog NRZ feedback, here the

horizontal opening (i.e., small ISI or jitter) is firstly solved by the
clocked RZ feedback, the DFF then serves as the slicer [13] to
recover the amplitude. The final output is after the DFF that can
drive the subsequent circuit [e.g., clock data recovery (CDR)].
Different pattern generations are shown in Fig. 5. For a single

swing from VSS to VDD, an RZ output signal can be generated
by NRZ input and CLK signals, using just one AND gate [see
Fig. 5(a)], resulting in an asymmetric eye diagram. Similarly,
two AND gates can be utilized to generate the differential RZ
output signals from to VDD [see Fig. 5(b)], leading to
a symmetric eye diagram. Unlike those logic signal swings that
normally drawmore power and limit the data rate, this work em-
ploys a low-power alternative that works under a small-signal
swing [see Fig. 5(c)]. When the clocked transistor is inserted
between the common-source differential pair and bias current,
the input NRZ voltage signal can be converted directly into an
output RZ current signal in the differential mode.
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Fig. 5. Data pattern in time domain, eye diagram, and circuit implementation
of: (a) NRZ single and RZ single. (b) NRZ single and RZ differential. (c) NRZ
differential and RZ differential (proposed).

The clocked-one-tap RZ feedback is a dynamic feedback
under a periodic clock control. Thus, the equalization effect can
be improved substantially if the NRZ feedback signal pattern is
replaced by its RZ feedback signal counterpart.

III. CIRCUIT IMPLEMENTATION AND SIMULATION RESULTS

A. Schematic of the Receiver

The schematic of the DFE receiver is depicted in Fig. 6. The
input differential pair with RC degeneration reduces the
input capacitance and create a first-order de-emphasis that is ex-
ternally adjustable for more testability (e.g., adaptation to the
loss of the PCB traces). Stacked atop input differential pair,
there is an AI sharing the same bias current. The cross-diode-
connection of create a positive-feedback impedance con-
verter [15], transferring the capacitive effect of at
into an inductive effect at . The equivalent inductance

is given by , where is the transconduc-
tance of . is realized as a MOS varactor for tuning.
With it, the intensity of the gain boosting at the higher frequency
can be tuned to facilitate circuit adaptation in the system level,
being highly insensitive to the channel-loss variations. Although
the AI occupies certain voltage headroom, the flexibility and im-
provements that it brought in are effective, not mentioning that
the required signal swing at the summation node can be indeed
small.
When the clock is high, the previous symbol differential

signal will mix with to generate
the previous symbol current RZ signal , and sums the
partial equalized present symbol current signal at the sum-
mation node. The sum current signal and multiplying

forms . Since with the first-order post-cursor is
subtracted from after the linear equalizer, a small signal
swing is resulted. It is noteworthy that the amplitude of

Fig. 6. Schematic of the proposed full-rate direct DFE receiver.

is uncritical here, but the adjacent data zero-crossing must
be more opened, differing from the traditional analog NRZ
feedback. As there is a DFF [13] to slice between the zero
crossing of two adjacent data, both the vertical and horizontal
openings of can be cleared, inherently resolving the
amplitude crossing of . The DFF recovers the amplitude of
the equalized signal with little contribution to the eye opening
(only 2-dB gain peaking from low to high frequencies). When
the clock is low, the bias current of the tap-feedback
path can be borrowed to the AI and , rather than directly
injected the . This technique reduces the parasitic contri-
bution from the antiphase-clocked transistor at the summation
node. This periodic injection of into also regulates
the common-mode voltage of , avoiding the need of a
common-mode restoration circuit. In fact, all current paths are
fully exploited at all times.

B. AI Linear Equalizer

For simplicity, one can study separately the AI linear equal-
izer first. The influences of the DFE core to the AI linear equal-
izer will be discussed later. The derived transfer function
of the AI linear equalizer is given by

(2)

where
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Fig. 7. Tunable gain response of the AI linear equalizer. (a) Low-frequency
de-emphasis. (b) High-frequency de-emphasis.

where is the dc gain tunable by , and the low-fre-
quency 0 can be adjusted via ; denotes the parasitic ca-
pacitance at the summation node. The high-frequency gain gen-
erated from the complex poles is tunable by owing to the
merging of the AI with the linear equalizer. Both and are
functions of one tunable element: . An optimal mini-
mizes the phase distortion in the eye diagram. The AI is self-bi-
ased and occupies one diode-connected overdrive voltage. From
simulations, the low-frequency gain can be tuned by around
14 dB [see Fig. 7(a)]. The AI has a high self-resonant frequency
because of no inner parasitic pole. With (20/0.06 m) bi-
ased at 620 A, with that ranged from 0.8 to 1.5 V
can offer a gain peaking of around 15 dB nearby 5 GHz [see
Fig. 7(b)]. With ranges between 10–80 fF, the enhanced
gain can be located at 4–1 GHz in the employed 65-nm CMOS
technology.
A passive-inductor linear equalizer [17] can effectively ex-

tend the gain-bandwidth, but high- peaking brings in larger
phase distortion and induces more jitter. The negative-capaci-
tance linear equalizer [18] also can create the second 0 to cancel
the first pole for bandwidth extension, but another current path
is required and the gain-peak effect is limited. Unlike the afore-
said two techniques, the proposed AI linear equalizer offers
wide-range-tunable gain peaking via complex poles, and they
are realized in the same current branch as the creation of the
low-frequency 0. Moreover, as the of the AI is easily tunable,
an optimal can be selected during the system-level adaptation
to minimize the phase distortion in the equalized eye diagram.
For a signal swing of 200 mV at , the equalization ef-
fect provided by the AI is much more significant than its added
noise, which is confirmed by simulations.
As the AI is based on positive feedback, all poles must be on

the left-half plane for stability. Thus, the inequality below must
be satisfied for the negative complex roots

(3)

Fig. 8. Schematic and layout details of the DFF.

AC and transient simulations were carried to prove the stability
of the AI linear equalizer against process, voltage, and temper-
ature variations.

C. Power-Efficient DFF

Typical DFF consists of two latches involving two bias cur-
rents. This work adopts the pseudodynamic differential DFF
[19] shown in Fig. 8 that lessens the clock loading and power
both by 50%. For sharing the same clock, every clock patch
controls one data set element and one data store element. The
optimized DFF has low parasitic and an ultra-compact layout
(11 17 m).

D. Clocked-One-Tap RZ Feedback

As described above, the resultant feedback signal pattern of
clocked-one-tap RZ feedback can enhance the eye opening,
being an effective solution to relax the stringent timing require-
ment of full-rate direct DFE receivers. Recalling Fig. 3(a) and
(b), the influence of the critical feedback delay between the
traditional analog one-tap NRZ and clocked-one-tap RZ feed-
backs are the delay times, i.e., and . The feedback
delay time is approximately given by the RC time constant at
the summation node. The simplified models of Fig. 3(a) and
(b) are given in Fig. 9(a) and (b), respectively. The equivalent
parameters ( and ) from the AI linear equalizer and
from the DFF and feedback circuit are roughly identical be-
tween Fig. 9(a) and (b). Thus, the difference between
and directly reflects the difference of and .
Since the two feedback circuits are time variant, in which the
transistors commutate the tap current as
similar as a single-balanced mixer. When the clock is high,
the clocked-one-tap feedback path will transfer the test signal,
while the antiphase-clocked transistors can no longer affect
the AI linear equalizer. A time-variant resistor is
modeled in the feedback path between the feedback and tap
transistors. It concerns a specific time period that the test signal
turns ON and OFF with the clock phases. Using the
small-signal analysis, one can derive and ,

(4)
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Fig. 9. Simplified models to simulate the feedback delay time ( and ) in full-rate direct DFE. (a) Clocked-one-tap RZ feedback. (b) Traditional
analog one-tap NRZ feedback. Note that the overall feedback loop is cut at the gate of and with a test signal (similar to the DFE output signal) applied. The
extracted and are obtained by comparing the time difference between the test signal and test output.

where and are the transconductance and output
resistance of , respectively; is the output resistance
of bias current . From (4), the embedded resistor resulting
from the clock slightly increase the output equivalent resistor

of clocked-one-tap feedback, when comparing with
. Thus, for the clocked-one-tap RZ feedback, the delay

time of the critical feedback loop is slightly higher. Several sim-
ulations about and were conducted at 10 Gb/s
using 2 1 pseudorandom binary sequence (PRBS). The test
source is applied at the input of the feedback transistors, and
the output signal is extracted at the summation node. Fig. 10(a)
shows that both and will raise slightly when the
data rate is increased. Although of the proposed scheme is
slightly longer ( 2.5 ps) than , it is negligible for a 1-UI
of 100 ps. Fig. 10(b) shows versus . Varying can
induce roughly 1-ps variation due to the phase shift, being
negligible also in this design.

E. Simulation Results of the Receiver

The DFE receivers in Fig. 3(a) and (b) were simulated at a
10-Gb/s data rate under 2 1 PRBS and nearly sinusoidal
clocks for comparison of performances. For the traditional
design in 1-UI, generating from the previous symbol at

with associated tap weight illustrates the NRZ signal.
Regrettably, due to the limited circuit bandwidth, the signal
amplitude and slope of the rising/falling edges of are
both low [see blue lines (in online version) in Regions A and
B of Fig. 11(a)], penalizing both horizontal and vertical eye
opening. Analyzing these simulated results must correspond to
the timing diagram in Fig. 4. In Fig. 11(a), the present symbol

Fig. 10. Simulated feedback delay time of the traditional one-tap analog
NRZ feedback and proposed clocked-one-tap RZ feedback versus: (a) data rate
and (b) .

and previous symbol are equal to 1 and 0, respec-
tively. At the second 0.5-UI, the feedback current after
adding the present current generated from the present

symbol . For this case, the proposed one is similar to
the traditional one for the feedback current . At the first
0.5-UI, the traditional NRZ feedback upholds the original value
( 100 A), and the proposed RZ feedback generates a zero
value. The tap-feedback path is opened in the second 0.5-UI,
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Fig. 11. Simulated results in time domain at the internal signal nodes. (a) Several UIs. (b) Zoomed view around and . (b) Zoomed view of and
around .

Fig. 12. Simulated eye diagram at the internal signal nodes. (a) Traditional
one-tap analog NRZ feedback. (b) Proposed clocked-one-tap RZ feedback.

rendering the first latch [see Fig. 3(a)] no longer sensing .
As such, the DFE can be disabled in the second 0.5-UI when a

is created.
Data zero-crossing at the rising edge is determined by the two

instant times and in Fig. 11(b). For the traditional NRZ
feedback, the equalized processes are followed the and
at points

(5)

Fig. 13. Simulated clock falling edge shifting effects on the equalized effect at
. (a) Vertical opening. (b) pk-to-pk jitter.

For the proposed RZ feedback, the equalized processes are fol-
lowed at and at points

(6)

From (5) and (6), as – is smaller than – at the
summation node, the rising edge during the data zero-crossing
from ZERO to ONE, or ONE to ZERO, should be substantially
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Fig. 14. Simulated: (a) vertical opening and (b) pk-to-pk jitter versus data rate
with clock falling edge being equal to zero UI.

Fig. 15. Die photograph of the fabricated DFE receiver (left) and its layout
details (right).

Fig. 16. Experimental setup.

sharper under the RZ feedback. Benefitting from such an effect,
the signal amplitude and slope of the rising/falling edges of
can be boosted [red lines (in online version) in Regions A and B
of Fig. 11(c)]. Although three or more continuous ZERO or ONE
will induce ripple on the amplitude of , it is uncrit-
ical to the timing decision of the DFF by choosing the clock’s
falling edges as the sampling points (e.g., and ). Veri-
fied by simulations, the equalization effects at still exhibit
small jitter at the data crossing points. After -to- conversion
at , ( 100 mV) will be re-timed by the DFF, repro-
ducing [Regions C and D in Fig. 11(a) and (c)] that the
amplitude crossing is eliminated and slope of the rising/falling
edges of are also boosted like .

Fig. 17. Measured eye diagrams at 6, 8, and 10 Gb/s data rates (vertical scale:
100 mV/div).

Fig. 18. Measured bathtub curves at: (a) 6 Gb/s, (b) 8 Gb/s, and (c) 10 Gb/s
under 2 1 PRBS.
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TABLE I
CHIP SUMMARY AND BENCHMARK WITH THE STATE-OF-THE-ART (SIMILAR DATA RATES)

For the RZ signals, they are generated by the clocked-one-tap
feedback differential pair , the data ONE and ZERO cor-
respond to the positive and negative RZ codes, respectively.
Fig. 12(a) and (b) shows the eye diagrams of , , and

based on the time-domain results given in Fig. 11. The
smaller jitter at data crossing implies a wider horizontal eye
opening. The amplitude crossing at the uncritical time induced
by three or more continuous ZERO or ONE will be sliced by the
DFF, which recovers a clear eye diagram.
The relative position between and the clock falling

edge (clock sampling time) has been described in Fig. 4. Be-
fore the clock falling edge, there is sufficient time
for equalized data setup. After the clock falling edge, the DFF
takes to deliver the equalized data. In fact, these timing
parameters are variable, as the relative position between
and the clock falling edge can be varied. Fig. 13(a) and (b)
shows the vertical opening and pk-to-pk jitter of the eye diagram
at , when the clock falling edge shift with respect to

. The overall equalization effects (i.e., vertical opening
and pk-to-pk jitter) at are substantially improved. Form
simulations the tolerable shift of clock’s falling edge is 0.1 to
0.2 UI for effective equalization.
When the clock falling edge is at zero UI, the overall DFE

receiver is simulated over a wide range of data rates [see
Fig. 14(a) and (b)], better vertical opening (242 mV at 10 Gb/s)
and pk-to-pk jitter (6.45 ps at 10 Gb/s) are concurrently
achieved, when are significantly improved when comparing
with (125.4 mV, 10.43 ps) obtained using the traditional one-tap
analog NRZ feedback at .
For long-term reliability, simulations under power-up/down

and full-swing conditions must be checked to ensure the node-
voltage trajectories of the device terminal voltages are within
the reliability limits at both static and transient states [20].

IV. EXPERIMENTAL RESULTS

The 10-Gb/s DFE receiver prototype was fabricated in 65-nm
CMOS. It occupies a compact area of 0.002 mm (Fig. 15). The
measurements were conducted in a chip-on-board assembly.
The on-chip test buffer is an over-designed three-stage CML
amplifier such that it cannot affect the results of the DFE re-
ceiver. The testbench (Fig. 16) is based on the J-BERT N4903B
for PRBS generation on a pair of 84-cm-length FR4 microtrip
traces, yielding the channel pulse response with precursor and
post-cursors.
Recalling Fig. 1(a), an 84-cm PCB differential trace suffers

from channel loss of 14.1/18.7/23.3 dB at 3/4/5 GHz. Thus, all
unequalized eye diagrams were completely closed. As shown in
Fig. 17, at 6/8/10-Gb/s data rates, the DFE receiver manifests a
vertical eye opening of 290/236/189.3 mV and pk-to-pk jitter of
23.45/22.69/26.45 ps, respectively.
The bathtub curves shown in Fig. 18(a)–(c) show

72.8/65.7/60.9% horizontal eye opening at 6/8/10-Gb/s data
rates under a BER of 10 and 2 1 PRBS. For a BER
of 10 , the horizontal eye opening is still 71.5/65.0/59.6%
at 6/8/10-Gb/s data rates. The DFE receiver excluding the
buffer draws 4.26 mA ( mA, mA,

mA) at 1.5 V.
The chip summary and comparison with the prior art (sim-

ilar data rates) are given in Table I [4], [5], [14], [21] and
plotted in Fig. 19(a) and (b) [2], [4], [5], [14], [21]–[29]. The
10–11-Gb/s half-rate DFE receiver in [21] has achieved a FOM
[1] of 0.015 pJ/bit/dB in a tiny area of 0.0012 mm , but the
horizontal eye opening is limited to 11%/34% at 10 BER
under 18/15-dB channel loss at Nyquist frequency. This work
clocked at 10-Gb/s data rate measures the widest horizontal eye
opening of 59.6% at 10 BER, while maintaining the FOM
and core area amongst those best results reported.
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Fig. 19. Benchmark this work with the state-of-the-art: (a) FOM versus hori-
zontal eye opening and (b) core area versus technology nodes.

V. CONCLUSION

A 0.002-mm 10-Gb/s full-rate direct DFE receiver has been
demonstrated in 65-nm CMOS. It is capable of restoring a hor-
izontal eye opening of 59.6% at 10 BER under 23.3-dB
channel loss at Nyquist frequency. This result was enabled by
an AI linear equalizer to eliminate the precursor and long-tail
post-cursors via orthogonally tunable low- and high-frequency
de-emphasis, and clocked-one-tap RZ feedback data patterns
with a D-flip-flop slicer addressing the first post-cursor with
sharper data transition and enhanced signal amplitude. Bench-
marking with the prior art at similar data rates, this work exhibits
the widest horizontal eye opening at a FOM of 0.027 pJ/bit/dB.
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