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A 0.9-V 12-Gb/s Two-FIR Tap Direct DFE With Feedback-Signal
Common-Mode Control
Daewoong Lee , Dongil Lee , Yong-Hun Kim, and Lee-Sup Kim
Abstract— In this brief, a 0.9-V 12-Gb/s quarter-rate two finite impulse
response tap direct decision feedback equalizer (DFE) is presented. For
a high-speed incorporated operation of both DFE summing and slicing,
a common-mode-controlled charge-based latch (CMCCBL) is proposed.
In a CMCCBL-based DFE, the common mode of the first tap feedback
signal is changed to adjust the first tap feedback weight. Therefore,
CMCCBL does not need the conventional first tap weighting transistors
which increase the DFE feedback delay. The DFE core compensates for
the FR4 printed circuit board channel loss of −22 dB at 6 GHz and
consumes 4.16 mW achieving 0.347 pJ/bit for PRBS7 input. The active
area of DFE is 0.0036 mm2 in a 65-nm CMOS process.

Index Terms— Decision feedback equalizer (DFE), feedback
time improvement, finite impulse response (FIR).
I. I NTRODUCTION
As the data rate increases in wireline receivers, decision feedback equalizers (DFEs) have been widely used to eliminate the
intersymbol interference (ISI) caused by channel loss. Previously,
the DFE summing and slicing operations have been incorporated [1]–[8] by using a StrongARM latch [9], a double-tail
latch (DTL) [10], a single-clock phase two-stage regenerative
latch [6], and a charge-steering logic (CSL) [11] as shown in Fig. 1.
However, the aforementioned architectures have two drawbacks
which cause a long feedback time in DFE which limits the maximum
data rate. One is the slow operation of the regeneration circuit. Generally, latches with regeneration circuit have longer delay compared
to dynamic latches [6], [12]. The other is the parasitic capacitance
of the tap weighting transistors (TWTs) [5]. Conventionally, except
CSL-based DFE, TWTs have been used to control the feedback
weight [1], [3], [4], [6] as shown in Fig. 2. Due to the parasitic capacitance of TWTs, a discharge speed of X is reduced resulting in the
increased delay of the DFE feedback loop [5]. Such TWTs could be
eliminated in an infinite impulse response (IIR) equalization by other
tap weighting methods such as controlling a common mode [5] or an
amplitude [1], [2] of the feedback signal, but this method cannot be
used in a finite impulse response (FIR) equalization because the feedback signal of an FIR equalization is a CMOS level output [1], [3],
[4], [6]. In this brief, we propose a common-mode controlled chargebased latch (CMCCBL) which obviates TWTs as well as the regeneration circuit to improve the feedback loop delay of the FIR DFE.
The remainder of this brief is as follows. Section II describes the
circuit implementation including the proposed CMCCBL. Section III
provides the measurement results of the DFE and Section IV concludes this brief.
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Fig. 1. Regeneration circuit of the incorporated DFE summing and slicing
operations by using (a) StrongArm latch, (b) DTL, (c) single-clock phase
two-stage regenerative latch, and (d) CSL.

Fig. 2. TWTs of StrongARM latch, DTL, and single-clock phase two-stage
regenerative latch for a conventional feedback weight control. Only one-tap
feedback is shown.

II. C IRCUIT D ESCRIPTION
A. Overall Architecture
Fig. 3 illustrates the overall architecture of the proposed DFE.
A two FIR tap direct DFE consists of four CMCCBLs, CBLs,
and return-to-zero (RZ) to non-RZ (NRZ) circuits for quarter-rate
operation. Because each latch maintains its valid output for two
unit intervals (UIs) in quarter-rate, each latch output (D10−270 and
D20−270 ) is directly used as a feedback signal. The proposed CKM
generators control the common-mode level of the first tap feedback
signal (D10−270 ) to adjust the tap weighting.
B. Proposed CMCCBL and Other Block
A CBL is a dynamic latch which does not contain a slow
regeneration circuit [6], [12]. In this brief, such high-speed CBL [12]
is modified for the incorporation of DFE summing and slicing.
Fig. 4(a) and (b) shows a CBL with TWTs and a CBL without
TWTs, respectively. In a CBL with TWTs, the parasitic capacitance
of TWTs reduces the discharge speed of X 1 which is initially voltage
drain drain (supply voltage; VDD) and increases a DFE feedback loop
delay [5]. On the other hand, in a CBL without TWTs, eliminating
parasitic capacitance of TWTs increases the discharge speed of X 2 ,
and decreases a DFE feedback loop delay. As shown in Fig. 4(c),
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Fig. 3.
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Quarter-rate two-FIR tap DFE with the proposed CMCCBL.

Fig. 6. DFE simulated results. (a) Voltage drain drain middle (VDDM)
versus VWEIGHT. (b) D190 common mode versus VDDM at an instant of
DFE operation. (c) CMCCBL IN threshold versus FIR1 (D190 ) common
mode at an instant of DFE operation.

Fig. 7. (a) Proposed CMCCBL with two-tap feedback. (b) Simulated result
of the CMCCBL IN threshold versus VB.

Fig. 4.
Incorporation of DFE summing and slicing based on a CBL
(a) with conventional TWTs and (b) without conventional TWTs (only one-tap
feedback is shown). (c) Simulated waveforms of X 1 , X 2 and OUT1 , OUT2 .

Fig. 5.

Proposed CMCCBL (only one-tap feedback is shown).

X 2 discharges 7.1 ps faster than X 1 does from 0.9 to 0.3 V and
consequently, OUT2 + settles 14.1 ps earlier than OUT1 + does.
It means that the total DFE system is able to receive higher data
rate which is 14.1 ps shorter in a 1 UI by using the following
proposed CMCCBL than the conventional TWTs-based CBL for the
incorporation of DFE summing and slicing.
Fig. 5 shows the proposed CMCCBL. Because not only a regeneration circuit but also the first TWTs are not in the proposed CMCCBL,
a DFE feedback loop delay is improved. Note that the output of the
CMCCBL which is directly used as a DFE feedback signal is not
rail to rail. It allows the common mode of the FIR DFE feedback
signal to be controlled to adjust a tap weighting as the previous

IIR DFE [5] did. The advantage of common-mode control of a
feedback signal is the removal of TWTs to improve a feedback loop
delay. The common mode of the CMCCBL output is controlled as
follows. Previously, MOS capacitors with a clock signal were used
to boost up the common mode of a CBL output [12]. In this brief,
we applied CKM instead of CK to the MOS capacitors. Then, based
on the property that the amount of the common mode boosting is
proportional to the peak voltage level of the MOS capacitor’s clock
signal, we controlled CKM peak voltage from CKM generators to
change the common mode of the CMCCBL output.
As shown in Fig. 6(a), the manually controlled analog voltage
VWEIGHT set the voltage of voltage drain drain middle (VDDM)
which is the same as CKM peak voltage. When VWEIGHT is 0 V, MP1
is fully turned on and MP1 resistance is the smallest so that VDDM
is set to be the highest (∼0.9 V, supply voltage). As VWEIGHT is
increased from 0 V, MP1 is partially turned on and MP1 resistance
increases resulting in a decrease of VDDM. The simulated results
about the relation between VWEIGHT and the first tap weighting are
as follows. First, Fig. 6(a) shows VDDM is inversely proportional
to the value of VWEIGHT . Second, Fig. 6(b) shows that the common
mode of CMCCBL output is proportional to the peak voltage of
CKM. Finally, the higher the common mode of FIR1 is, the bigger
the CMCCBL IN threshold is as shown in Fig. 6(c). CMCCBL IN
threshold means the amount of ISI which can be compensated. Thus,
the high common mode of FIR1 increases the first tap weighting and
vice versa.
The proposed CMCCBL including the second tap feedback for two
FIR tap DFE is shown in Fig. 7(a). Because at least the first postcursor
ISI exists in DFE input through the lossy channel, the first FIR tap
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Fig. 8. Schematic and timing diagram for (a) CBL [12] and (b) RZ-to-NRZ.

feedback operation is always performed in the proposed DFE. On the
other hand, as a conventional implementation, the second FIR tap
feedback operation can be turned on or off by biasing the second
TWTs (M1, M2) with an external analog voltage VB depending
on whether the second postcursor ISI exists or not in a DFE input.
However, when the second postcursor always exists in a DFE input,
the second TWTs can also be eliminated to further improve the
CMCCBL delay by changing the common mode of the second
tap feedback signals (D20−270 ) in Fig. 3 with additional CKM
generators. Note that the parasitic capacitance of the first TWTs is
bigger than that of the second TWTs because the first postcursor
ISI is bigger than the second one. Fig. 7(b) shows the simulation
result of the second tap weighting control range. When VB is 0 V,
TWTs are turned off and CMCCBL IN threshold is 0 V, meaning that
the second tap weighting magnitude is zero. On the other hand, when
VB is 1.2 V, TWTs are fully turned on and CMCCBL IN threshold
is ∼20.8 mV, meaning that the second tap weighting magnitude is
the maximum.
As shown in Fig. 8(a), a conventional CBL [12] is adopted for the
second tap feedback signal which is 1 UI shifted from the CMCCBL
output. The schematic and the timing diagram of RZ-to-NRZ are
shown in Fig. 8(b). As clocked comparators and RS latches are used
in [11], a DTL and an SR latch are incorporated in RZ-to-NRZ of
this brief. The timing diagram shows that the DTL amplifies the
signal magnitude of IN with the common-mode shift and the SR latch
converts the RZ signal, double-tail to the NRZ signal, OUT. Note that
there is no calibration of the individual latch decision offset foreseen
in the proposed DFE, which degrade the bit error rate bathtub curve
performance.
Fig. 9 shows the simulation results of the proposed quarter-rate
12-Gb/s DFE after equalizing −22-dB channel loss. DFE input and
output are shown in Fig. 9(a) and (b), respectively. The CMCCBL
output (D190 ) eye diagram is more opened with two taps DFE
feedback in Fig. 9(d) compared to one tap DFE feedback in Fig. 9(c).
CBL output eye diagram is shown in Fig. 9(e). Fig. 10 shows the
process, supply, and temperature variation simulation result about
CMCCBL IN threshold versus VWEIGHT . Because VWEIGHT is
manually controlled to the optimum value, the proposed DFE cannot
correspond to the voltage variation (power noise) or temperature
variation.
Compared to the IIR equalization with the CMC technique [5],
there are two benefits of FIR equalization with the proposed CMC
technique as follows. First, in [5], CMC operation is done in a
current mode logic circuit which consumes a constant current. In the
proposed CMC technique, the swing of the CMOS buffer is changed
to control the common mode of the feedback signal. Second, multiple
n-MOSFETs, as well as p-MOSFETs, are used to control the common

Fig. 9.
Simulated results of the proposed DFE. (a) DFE input (DIN ).
(b) DFE output (RZ-to-NRZ output, OUT90 ) eye diagram (for two-taps DFE).
CMCCBL output (D190 ) eye diagram with (c) one-tap feedback and (d) twotaps feedback. (e) CBL output (D290 ) eye diagram (for two-taps DFE).

Fig. 10. Simulation result of CMCCBL IN threshold versus VWEIGHT at a
time instant of DFE operation under different process (ff, nn, and ss), supply
voltage (0.9 V ± 0.02 V), and temperature (0 °–100 °).

mode of an IIR feedback signal in [5]. However, simply a single
p-MOSFET (MP1 in Fig. 6) is used for controlling the common mode
of the first FIR tap feedback signal in the proposed FIR equalization.
C. Unfixed Tap Weighting Property
The proposed FIR DFE has an unfixed tap weighting property
which has been introduced in [14]. The mechanism of such unfixed
tap weighting property is compared to the conventional DFEs as
shown in Fig. 11(a). In conventional DFEs, the magnitude of the first
FIR tap weighting is the same for both small ISI and large ISI cases.
However, [14] and the proposed work have increased the magnitude
of the first FIR tap weighting for a large ISI case. In other words, the
tap weighting magnitude is not fixed but changed depending on the
amount of ISI so that the large amount of ISI is able to be removed
with only single FIR tap.
To describe the unfixed tap weighting property of the proposed
FIR DFE with the simulated waveforms as shown in Fig. 11(b),
we define data bits (Bi−4 , Bi−3 , Bi−2 , Bi−1 , and Bi ) for DFE input
DIN . In case 1, in which the alternating input data bits (01010)
are given, the magnitude of the first tap feedback signal D190 is
95 mV (CMCCBL IN threshold: 37.6 mV by simulation). On the
other hand, in case 2, where the input data bits are given as (11110),

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
4

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS

TABLE I
C OMPARISON W ITH R ECENT DFE S

Fig. 11. Unfixed tap weighting property. (a) Comparison between conventional and proposed. (b) Simulation waveform.

the consecutive four bits (1111) cause an ISI accumulation on the
current bit Bi , resulting in a large ISI. However, the magnitude
of the first tap feedback signal D190 is 159 mV (CMCCBL IN
threshold: 58.7 mV by simulation) because of such consecutive four
bits. Therefore, the first FIR tap weighting is increased in case 2 compared to case 1, resulting in more ISI compensation in case 2 than
in case 1.
III. M EASUREMENT R ESULTS
The measured FR4 printed circuit board channel loss plot
and the channel’s output eye diagram are shown in Fig. 12(a)
and (b), respectively. At the output of the channel which is
−22-dB loss at 6 GHz, a 12-Gb/s PRBS7 data’s eye diagram
is completely closed. Fig. 12(c) and (d) show the BER bathtub
curve of the proposed DFE operation in 0.9-V supply and the
1:4 demultiplexed recovered data eye diagram, respectively. For the

Fig. 12. (a) Measured channel loss plot. (b) 12-Gb/s PRBS7 input after
a −22-dB channel loss. (c) BER bathtub curve. (d) Demuxed recovered data.

timing margin with BER lower than 10−12 , one-tap and two-tap
DFE operation achieved 0.3 and 0.34 UI, respectively. The die
has been fabricated in a 65-nm CMOS technology occupying the
area of 0.0036 mm2 for the DFE core as shown in Fig. 13(a).
The measurement setup of the proposed DFE is shown in Fig. 13(b).
Two pulse pattern generators (MU181020A) synchronized with a
clock synthesizer (MU181000A) were used to apply a 12-Gb/s input
data and a 6-GHz clock to the chip. The applied half-rate differential
clock signal 6 GHz is divided by two inside the chip for a quarterrate four-phase clock inputs to the DFE. Demultiplexed output of
the DFE, which is the output of RZ-to-NRZ conversion circuit
block, was applied to an error detector (MU181040A) to check the
BER performance. Fig. 13(c) shows the DFE core power breakdown.
The DFE core consumes 4.16 mW. By simulation, CK buffers and
CKM generators consumed 4.3 and 2.8 mW, respectively.
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DFE summing and slicing, the common mode of CMCCBL output
is changed to control the first tap feedback weighting. Because
the conventional regeneration circuit block and TWTs are not used
in CMCCBL, the delay of the first FIR tap feedback loop was
improved. In addition, the proposed FIR DFE has an unfixed tap
weighting property that feedback weight depends on the DFE input
data patterns. Therefore, the magnitude of the tap weighting becomes
bigger for large ISI.
The proposed DFE fabricated in a 65-nm CMOS technology
consumes 4.16 mW achieving the FOM of 0.0158 pJ/b/dB with the
compensation of 22-dB channel loss.
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Fig. 13. (a) Die photograph. (b) Measurement setup. (c) DFE core power
breakdown.
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