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ABSTRACT Separate inverter-based summers for each eye are introduced into the decision feedback
equalizer (DFE) of a single-ended four-level amplitude modulation (PAM-4) receiver for memory interfaces.
The summers increase the input swing of the slicers while maintaining the advantages of inverter-based
amplifiers with higher gain and lower power consumption than current-mode logic (CML) amplifiers. The
high-gain summer can improve clock-to-Q delays of slicers in the PAM-4 DFE without increasing the power
consumption of the slicers. This can alleviate the timing constraint that the DFE must meet to respond
correctly to the previous data. The non-linear gain of the inverter-based structure can be ignored by using
separate paths depending on each eye. A prototype chipwas fabricated in a 65 nmCMOSprocess. At 24Gb/s,
the DFE can achieve a bit error rate (BER) of 10−12 with an eye width of 100 mUI with −7.3 dB insertion
loss at Nyquist frequency and the power efficiency of 0.73 pJ/b.

INDEX TERMS Four-level pulse amplitude modulation (PAM-4) receiver, inverter-based summer, memory
interface.

I. INTRODUCTION
The rapid increase in IP traffic in data centers is driv-
ing the demand for high-speed and low-power memory
interfaces [1], [2]. There is limited scope to increase the
bandwidth of present memory interfaces, which use non-
return-to-zero (NRZ) signaling, because of channel losses as
the data-rate increases [3], [4]. Four-level pulse amplitude
modulation (PAM-4) signaling can double the data-rate with-
out increasing the clock and Nyquist frequency: four different
signal levels allow two bits to be transmitted in each unit
interval (UI). Therefore, the application of PAM-4 signal-
ing to memory interfaces has already received considerable
attention. [4], [5], [6].
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PAM-4 signaling has a vertical margin which is three
times lower than NRZ signaling because of the four signal
levels. The margin is further reduced if the levels are not
evenly spaced. This makes PAM-4 signaling vulnerable to
noise [7], [8], [9]. Therefore, it is attractive to use decision
feedback equalizers (DFEs) in PAM-4 receivers because the
equalizers can compensate for inter-symbol interference (ISI)
without amplifying the noise [8]. However, the reduced ver-
tical margin of a PAM-4 signal also lengthens the clock-to-Q
delay of the slicer. In single-ended signaling, which is used
in memory interfaces, the clock-to-Q delay can be increased
than that in differential signaling. The lengthened clock-to-Q
delay makes it difficult to satisfy the timing constraint that
requires the PAM-4 DFE to decide data within one UI [8].

One of the methods to improve the clock-to-Q delay
in PAM-4 DFEs is to use high-performance slicers.
References [9] and [10] use current-mode logic (CML)
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slicers, but the CML slicers consume more power than
conventional StrongArm slicers [11]. Moreover, the output
swing of the slicer is small, so CML-to-CMOS amplifiers
are required [10]. Alternatively, in [11], two-stage Stron-
gArm slicers can be used to reduce clock-to-Q delay. How-
ever, an additional phase adaptation is needed to generate
the different clocks for each stage, which increases power
consumption. In [8], track-and-regenerate slicers are used to
increase gain. However, this type of slicer requires a stage to
trace the input signal, and this draws an increase in power
consumption.

Another method to improve the clock-to-Q delay in
receivers is to increase the peak-to-peak swing of the input
of the slicers. The CML amplifier or summer with resis-
tive source degeneration can amplify peak-to-peak swing by
adjusting the source degeneration resistors [6], [8]. However,
this has a limitation in increasing the gain without increasing
power consumption.

In this paper, we propose a single-ended PAM-4 receiver
that uses a DFE with inverter-based summers for single-
ended memory interfaces where low power consumption
is important. The inverter-based summer can achieve high
gain with lower power consumption than the CML summer
which is used in the previous PAM-4 DFEs. By using the
high gain, the input swing of the slicers in the DFE can be
increased, which improves the clock-to-Q delay of the slicers
without increasing the power consumption of the slicers.
Additionally, we solve the non-linear gain of the inverter-
based summer by using separate paths associated with each
eye. By using the inverter-based summers and separating the
paths, the clock-to-Q delay of the slicers increased by the
smaller eye height of the PAM-4 signal can be improved with
lower power consumption.

The rest of this brief is organized as follows: in Section II,
we describe the issue of the reduced eye height of the signal
in PAM-4 receivers and the method to address this issue by
introducing inverter-based DFE and the design considera-
tion of the inverter-based summer; in Section III, we explain
how we implement the DFE and the receiver; in Section IV,
we present measured result; and we draw conclusions
in Section V.

II. INVERTER-BASED SUMMER IN PAM-4 DFE
A. DESIGN CONSTRAINT ON PAM-4 DFE
The sensitivity of a slicer is defined as the minimum input
swing of the input signal, which the slicer requires to
make a decision within one UI at a specific baud-rate [8].
As the baud- rate increases, the sensitivity required for the
slicer increases. A timing constraint must be met in order
for a PAM-4 DFE to respond correctly to the previous
data. Fig. 1 shows the timing constraint on NRZ DFE and
PAM-4 DFE, where VrefH, VrefM, and VrefL are the reference
voltages for the decision. The constraint can be expressed as
follows:

Tsetup + TCKQ + TDLY < 1 UI, (1)

FIGURE 1. Timing constraint and output of summer on (a) NRZ DFE and
(b) PAM-4 DFE.

FIGURE 2. Simplified half circuit diagram of (a) CML summer and
(b) proposed inverter-based summer.

where Tsetup is the setup time and settling of the summer,
TCKQ is the clock-to-Q delay of the slicers, and TDLY is the
propagation delay from the slicers to the summer. The timing
constraint means that the input swing of the slicers must be
greater than the sensitivity.

Fig. 1(a) and (b) show the timing constraints on an NRZ
DFE and PAM-4 DFE. Comparing Fig. 1(a) and Fig. 1(b),
the input swing (Vsum) of slicers of the PAM-4 DFE has 1/3
or less than that of the NRZ DFE, assuming that the peak-to-
peak swings of Vsum are equal. This makes the PAM-4 DFE
more difficult to meet the timing constraint than the NRZ
DFE with the equal baud-rate.

B. INVERTER-BASED SUMMER AND ITS DESIGN
CONSIDERATION
Fig. 2(a) shows a simplified circuit diagram of a CML sum-
mer which is used for previous PAM-4 DFEs [7], [8], [9].
The CML summer consists of resistive-loaded amplifier a
for the main tap, pull-down current sources (IPD[2:0]), and
switches for the post tap. Fig. 2(b) shows a simplified circuit
diagram of an inverter-based summer proposed in this paper.
The inverter-based summer is composed of an inverter-based
amplifier for the main tap, and an inverter-based amplifier for
the post tap, which outputs the sum of tap coefficients based
on the previous data.

Table 1 compares the main tap of CML summer and
inverter-based summer. In this paper, the width of PMOS of
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TABLE 1. Comparison of main tap of CML summer and proposed
inverter-based summer with equal power consumption.

the inverter-based amplifier for the main tap (Wp) is about
two times bigger than that of NMOS (Wn) for the symmetrical
characteristics of the inverter-based amplifier from the input
common level [13], [14]. Since the NMOS and PMOS in the
inverter-based amplifier share the drain current, the inverter-
based amplifier can increase the transconductance two times
bigger than the CML amplifier [13]. This doubles the gain
of the inverter-based summer compared to the CML sum-
mer, assuming the output impedances of the two summers
are equal to RO. The transconductance and current of the
NMOS in the CML summer and inverter-based summer can
be expressed as follows:

gmn = k ·
Wn

L
· VOV , (2)

Imain =
k
2
·
Wn

L
· V 2

OV (3)

where k is a constant based on the process parameter,
VOV is the overdrive voltage, and L is the length of the
NMOS. In (2), gmn is proportional to Wn. However, at con-
stant Imain, widening Wn reduces VOV, as shown in (3).
Therefore, to double the transconductance with the output
current constant, the width of NMOS must be increased
by four times. Due to the increased width of the NMOS,
the CML summer has 1.33 times larger output capacitance
compared to the inverter-based summer with equal gain.
Therefore, the inverter-based summer has wider bandwidth
than the CML summer. In addition, the input capacitance
of the inverter-based summer is smaller than that of the
CML summer.

The first post tap of the CML summer consists of pull-
down current sources connected to the output. Therefore, the
output common level of the CML summer can be changed
by the pull-down current sources. To maintain the common
level, [7] and [8] use a common-level restoration, which is
connected to the output node. The common-level restoration
increases the complexity and output capacitance of the sum-
mer. On the other hand, in the inverter-based summer, the

FIGURE 3. (a) Three input pulses to inverter-based summer, (b) the
corresponding output pulses of inverter-based summers with threshold
voltage of (b) Vth,H, (c) Vth,M and (d) Vth,L, and (e) simplified diagram of
previous PAM-4 DFE with single summer and (f) PAM-4 DFE using
inverter-based summers with separate paths.

main tap and the post tap are separated to make the operation
point of the summer independent of the tap coefficients.

VIN,1st in Fig. 2(b) is determined by the summing node
based on the previous data. The output of the inverter-based
summer can be expressed as follow:

VOUT = (2gmn · VIN + gm,1st · VIN ,1st ) · RO, (4)

where gm,1st is the transconductance of the inverter for the
first post tap, and RO is the output impedance of the inverter-
based summer. As shown in (4), the tap coefficients can be
controlled by the amplitude and polarity of VIN,1st from the
threshold voltage.

The gain of inverter-based amplifiers is reduced when the
input signal is far from its threshold voltage [12]. Based on
the characteristic, Fig. 3 shows input and output pulses of
the inverter-based summers with different threshold voltages.
V11, V10, V01, and V00 are the voltage level when the signals
are 2’b11, 2’b10, 2’b01 and 2’b00, respectively, without the
channel loss. As shown in Fig. 3(a), three input pulses are
applied to the inverter-based summers (i.e., the transition
00→11→00, 00→10→00, and 00→01→00), where Vth,H,
Vth,M, and Vth,L are the three cases of threshold voltages
of the inverter-based summer, h0,3,I, h0,2,I and h0,1,I are the
main cursors of each input pulse (transition 00→11→00,
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FIGURE 4. Block diagram of proposed PAM-4 receiver.

00→10→00, 00→01→00 respectively), h1,3,I, h1,2,I and
h1,1,I are the first post cursors of each input pulses. Fig. 3(b)
shows the output pulses of the inverter-based summer with
the threshold voltage of Vth,H, where h0,3,S, h0,2,S, and h0,1,S
are the main cursors of each output pulse, h1,3,S, h1,2,S and
h1,1,S are the first post cursors of each output pulse. It can be
seen in Fig. 3(b) that the gain of the summer is the largest
when the input signal is between h0,3,I and h0,2,I. There-
fore, the difference between h0,3,S and h0,2,S is larger than
the difference between h0,2,S and h0,1,S, and the difference
between h0,1,S and V00. In addition, since the magnitude of
the first post-cursor ISI is different for each output pulse
(h1,3,S, h1,2,S, and h1,1,S), different tap coefficients must be
applied depending on the previous data. Fig. 3(c) and (d)
show the output pulse when the threshold voltage of inverter-
based summers with the threshold voltages of Vth,M and
Vth,L, respectively. Fig. 3(c) shows that the difference
between h0,2,S and h0,1,S is larger than the difference
between the main taps of the other output pulses. Fig. 3(d)
shows that h0,1,S is larger than the difference between
other main taps. In addition, the first post-cursor ISIs in
Fig. 3(b), (c), and (d) are different depending on the threshold
voltages. Therefore, the inverter-based summers must apply
different tap coefficients depending on not only the previous
data, but the threshold voltages of each inverter-based sum-
mer to compensate for ISI changed by the gain of the inverter-
based summers.

Because of the non-linear characteristic of the inverter-
based summer, the input and output swings and the gain of
the inverter-based amplifiers in PAM-4 receivers [12], [15]
are restricted by the need for linearity in order to maintain the
equal spacing of the signal level. To apply the inverter-based
summer to the PAM-4 DFEs using a single summer [8],
[9], [11] (i.e., Fig. 3(e)), the gain of the inverter-based sum-
mer should be limited. However, this limits the heights of
each eye, which degrades the clock-to-Q delay of the slicers
when the inverter-based amplifier is applied to PAM-4 DFEs.
To overcome the non-linearity caused by the inverter-based

summer, we use separate paths dedicated to each eye to the
PAM-4 DFE, as shown in Fig. 3(f). By using the separate
paths, the amplification of a specific eye does not affect other
eyes, and the clock-to-Q delay can be improved.

In the PAM-4 DFE with the separate paths, compared to
the PAM-4 DFE with the single summer shown in Fig. 3(e),
the capacitance of slicers that each summer drives is reduced
about from 3•Cslicer to 1 · Cslicer. Each summer can main-
tain the bandwidth with about three times reduced power
consumption and smaller size, which also makes the input
capacitance of the inverter-based summer with the separate
paths (CINV) about three times smaller than that of the sum-
mer (Csingle) in the DFE with single summer. Therefore, the
change of power consumption due to the increased number
of summers is not significant. In addition, the path separation
allows that the inverter-based summer with high gain and
low power consumption can be used without considering its
output linearity.

In [16], a PAM-4 receiver was implemented with separate
continuous-time linear equalizers (CTLEs) dedicated to each
eye. However, each CTLE cannot amplify the corresponding
eye. In addition, the implementation of PAM-4 receiver with
only CTLEs cannot improve the signal integrity degraded by
some factors such as reflection.

III. IMPLEMENTATION
A. OVERALL ARCHITECTURE
Fig. 4 shows the block diagram of our PAM-4 receiver. The
analog front end (AFE) consists of three pairs of a CTLE and
a single-to-differential (S2D) amplifier. Each pair adjusts the
output common level for one eye and compensates for the
pre-cursor ISI. The 1-tap DFE consists of three parts (DFEH,
DFEM, and DFEL) corresponding to each eye of the received
signal, and each part includes the inverter-based summers.
In addition, the DFE has a quarter-rate structure to retain an
adequate timing margin for the feedback path in the DFE.
The reference voltage generator (Vref gen.) is composed of
resistor ladders which generates the reference voltages VrefH,
VrefM, and VrefL. The coefficient controller (Coeff. con-
troller) generates the tap coefficients RPUH[2:0]/RPDH[2:0],
RPUM[2:0]/RPDM[2:0], and RPUL[2:0]/ RPDL[2:0] to com-
pensate for the different 1st post-cursor ISI associated with
each eye. The IQ divider (IQ DIV) generates quadrature
clocks CLK0, CLK90, CLK180, and CLK270 by dividing
external high-speed differential clocks CKRX and CKBRX
by two. A quadrature signal corrector (QSC), consisting of
four digitally controlled delay lines (DCDLs) and a QSC
loop filter, is used to reduce the skew between the quadrature
clocks [17]. To measure bit-error rates (BERs) for each eye,
aMUX selects and outputs data based on an external selection
signal (SEL).

B. ANALOG FRONT END
Fig. 5(a) shows the block diagram of the CTLE and
single-to-differential amplifier in Fig. 4. The CTLE has the
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FIGURE 5. (a) Block diagram and (b) simulated frequency response of
AFE depending on change of CD.

RC source degeneration (RD and CD) controlled externally
to adjust the frequency boost. Fig. 5(b) shows the simulated
frequency response of the CTLE and S2D amplifier. The
frequency boost at 6GHz can be varied from 3 dB to 3.7 dB by
changing CD.

C. INVERTER-BASED SUMMER AND PAM-4 DECISION
FEEDBACK EQUALIZER
Fig. 6(a) shows a block diagram of the inverter-based sum-
mer in DFE unit0[1] of DFEM in Fig. 4 as an example to
explain the operation of the inverter-based summer. Vth is
the threshold voltage of inverter-based summer, and 1V is
the swing of the input signal. This summer is composed of
two inverter-based amplifiers: one for the main tap (IN) and
one for the post taps (D270[2:0]), with resistors to produce
the post taps. The input common level of the summer is the
threshold voltage to amplify a certain eye. Fig. 6(b) shows the
equivalent half circuit diagram of the inverter-based summer.
In the inverter-based amplifier for the post tap, different pull-
up resistors (RPUM[2:0]) and pull-down resistors (RPDM[2:0])
are used to apply the different tap coefficients appropriate to
the previous data. In the 1st tap, the sum of the coefficients of
inverter-based summer is as follows:

VIN ,1st =
RPD|| 1

gmn

(RPD|| 1
gmn

)+ (RPU || 1
gmp

)
· VDD, (5)

where RPD and RPU are the total pull-down and pull-up
impedances determined by the previous data, respec-
tively, based on the previous data, VDD is the sup-
ply voltage, and gmn and gmp are the transconductances
of the diode-connected NMOSs and PMOSs transistors.

FIGURE 6. (a) Block diagram and (b) equivalent half circuit of
inverter-based summer in DFE unit0[1] of DFEM.

FIGURE 7. Simulated outputs of summers (DFE Unit0[2:0]) (a) without tap
coefficients and (b) with tap coefficients.

The coverage of the coefficient of the summer is from 0 mV
to 250 mV (0.21 ·VDD). The diode-connected MOSFETs are
used in the inverter-based amplifier for the first post tap to
match the threshold voltage. Additionally, In the case of the
inverter-based summer without diode-connected NMOSs and
PMOSs, the range of tap coefficients produced by the summer
is reduced. For the case that previous data is 3’b000 or
3’b111, VIN,1st is tied to VDD or ground regardless of the size
of the pull-down and pull-up resistors. For the equalization
with the characteristics like Fig. 3(a)-(d), each resistance of
RPUM[2:0] and RPDM[2:0] must be adjusted separately. The
DFE units in DFEL, and DFEH in Fig. 4 also include the
summers with the same structure.

Fig. 7 shows the differential outputs of the inverter-based
summers associated with CLK0 without and with the tap
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FIGURE 8. Results of Monte-Carlo simulations (2700 cases) of (a) thre-
shold voltage variation of inverter-based summer and (b) input offset of
signal path including AFE and inverter-based summer.

coefficients. The simulation is under the condition of a data
rate of 24 Gb/s and an insertion loss of 9 dB at 6 GHz.
Compared to Fig. 7(a) and (b), the case in Fig. 7(b) can
open each eye with the eye heights of 346 mV, 462 mV, and
401 mV, with a minimum height of 150 mV from 0 V (lower
bound of the output of DFE Unit0[2]) and with the minimum
eye width of 23 ps.

Fig. 8 (a) and (b) show the results of Monte-Carlo sim-
ulations, which show the threshold voltage variation of the
inverter-based summer and the input offset of the signal
path including the AFE and the summer with 2700 cases of
mismatches under the process, voltage (0.9·VDD ∼ 1.1·VDD)
and temperature (−40 ◦C ∼ 125 ◦C) variation. In the sim-
ulations, the values of σ is 0.021 · VDD and 0.012 · VDD,
respectively.

In memory interfaces, the memory controller operates the
optimization for the receiver using training patterns during
the training sequence [18]. We also performed the procedures
to decide the reference voltages and bias levels. Additionally,
we designed the blocks in the receiver close together and
symmetrically to reduce the mismatches [1], [19].

D. SLICER AND DATA BUFFER
Fig. 9(a) shows the circuit diagram of the StrongArm slicer
and the buffer used in the proposed receiver. The Stron-
gArm slicer has been widely used for memory interfaces
because of the advantages of rail-to-rail output swing and
ignoring static power consumption. However, the clock-to-Q
delay of the slicer is affected by the swing of the input
signal. Therefore, the sensitivity of the slicer must be con-
sidered to apply to PAM-4 receivers. Fig. 9(b) shows the
operation and timing constraint of PAM-4 DFE at the baud
rate of 12 Gbaud/s. Considering the timing constraint shown
in (1), the clock-to-Q delay must be less than 31.7 ps.
Fig. 9(c) shows the simulated clock-to-Q delay of the
slicer depending on the input swing (i.e., VIN) with the
baud rate of 12 Gbaud/s. To reduce the clock-to-Q delay
under 31.7 ps, the input swing must be larger than 90 mV.
As shown in Fig. 7, the inverter-based summers can satisfy the
condition.

FIGURE 9. (a) Circuit diagram of StrongArm slicer and buffer, (b) Timing
parameter of PAM-4 DFE associated with timing constraint and
(c) simulated change of clock-to-Q delay of StrongArm slicer.

FIGURE 10. Measurement setup, die photograph and block description of
prototype chip.

IV. MEASUREMENT RESULT
Fig. 10 shows the measurement setup and a die photograph of
the prototype chip. A single-ended PAM-4 transmitter [4] is
used to provide an environment similar to amemory interface.
There is no transmitter-side equalization so that the effect
of receiver-side equalization can be measured accurately.
A BER tester (Anritsu MP1800A) supplies 6 GHz clock
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TABLE 2. Performance summary and comparison with other receivers.

FIGURE 11. (a) Insertion loss of the channel and (b) measured input eye
diagram of receiver before channel and (c) after channel at 24 Gb/s.

signals to the transmitter and the prototype chip and measures
the BER of the receiver. The test options of the receiver can be
adjusted by using an inter-integrated circuit (I2C) connected
to an external PC. The channel used for data transmission
comprises SMAcables, connectors, and an 8.5-inch FR4 PCB

FIGURE 12. (a) Measured BER curves for different equalizations of the
receiver and (b) eye diagram of 1:4 de-multiplexed data (D270[2:0]).

trace. The prototype chip was fabricated in 65 nm CMOS
process and is supplied with 1.2 V. The total active area
of the chip is 0.071 mm2, of which the PAM-4 receiver
occupies 0.037 mm2.
Fig. 11(a) shows the insertion loss of the channel. At a

Nyquist frequency of 6 GHz, the insertion loss is −7.3 dB.
However, the pad capacitances of the prototype chip, the test
board, and the bonding wire can be expected to introduce
additional insertion loss [20]. Fig. 11(b) and (c) are the eye
diagram of the input of the PAM-4 receiver before and after
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FIGURE 13. Power breakdown of proposed PAM-4 receiver.

the channel at a data-rate of 24 Gb/s. After the channel, the
eyes are closed.

Fig. 12(a) shows the measured BER curves for different
equalizations of the receiver. In this measurement, the fre-
quency boost of the CTLE is 3 dB at 6 GHz. The receiver can
achieve a BER of 10−8 without the DFE. With the DFE, the
receiver achieves a BER of 10−12 with a minimum eye width
of 100 mUI under the same condition. We measured BER
using PRBS-7 patterns at a data-rate of 24 Gb/s. Fig. 12(b)
shows the eye diagram of 1:4 de-multiplexed output
data (D270[2:0]).

Fig. 13 shows the power breakdown of the PAM-4 receiver.
At 24 Gb/s, the CTLEs and S2Ds consume 6.93 mW, and the
DFE consumes 7.02 mW, of which the inverter-based sum-
mers consume 4.93 mW, and the slicers consume 2.09 mW.
The receiver totally consumes 17.5 mW, corresponding to
energy efficiency of 0.73 pJ/b at 24 Gb/s.

Table 2 compares the performance of our PAM-4 receiver
with that of previous multi-level receivers. Our PAM-4
receiver has low power consumption by using the DFE with
inverter-based summers, which reduces the power consump-
tion of the slicers.

V. CONCLUSION
We have presented a single-ended PAM-4 receiver for
memory interfaces with a DFE which uses inverter-based
summers. By maintaining the advantage of inverter-based
amplifier that has lower power consumption and the high
gain, the timing constraint which can be degraded by the
clock-to-Q delay of the slicers can be satisfied without
increasing the power consumption of the slicer. A prototype
chip with the PAM-4 receiver achieved a BER of 10−12 with
a minimum eye width of 100 mUI at 24 Gb/s and an insertion
loss of−7.3 dB. The power efficiency of the PAM-4 receiver
is 0.73 pJ/b.
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