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Abstract—This article presents an inverter-based four-tap
addition-only feed-forward equalizing (A-FFE) transmitter (TX)
for compact and power-efficient single-ended interfaces. Source-
series terminated (SST) drivers are widely used in conventional
FFE (C-FFE) TXs. However, linear resistors in C-FFE SST TXs
occupy too much area and add significant parasitic capacitance,
degrading power efficiency, and output bandwidth. To overcome
these problems, we propose a new feed-forward equalization
(FFE) architecture dubbed A-FFE that completely eliminates
subtractions between FFE taps and improves the robustness
to quantization errors of coefficients. These advantages of the
proposed architecture allow to utilize area-and-power-efficient
inverter drivers in FFE. An inverter-based four-tap A-FFE TX
was designed and fabricated in a 28-nm CMOS process. The TX
achieved a data rate of 20 Gb/s/pin, an eye height of 55.1 mV,
and an eye width of 0.44 UI with a 15-dB PCB trace, while
consuming 1.18 pJ/b and achieving the worst eye sensitivity of
68%. The eye-opening was decreased only by 13.6%, when the
most sensitive FFE coefficient was reduced by 20%. Because
it uses area-efficient inverter drivers without resistors, the TX
occupies only 1149 pm?.

Index  Terms— Addition-only feed-forward equalization
(A-FFE), eye sensitivity, high-speed interface, relaxed impedance
matching, robustness against quantization errors, single-ended
signaling.
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I. INTRODUCTION

HE demand for area-and-power-efficient input/output

(I/O) circuits has consistently increased in single-ended
high-speed interfaces like graphic double data rate (GDDR)
[1]. A feed-forward equalization (FFE) transmitter (TX) is
a key circuit to overcome the bandwidth limitations in such
applications [2], [3]. As the design constraints on area and
power consumption are becoming more stringent, the effi-
ciency of FFE drivers must be improved.

Source-series terminated (SST) drivers are commonly
adopted in conventional FFE (C-FFE) TXs. A differential
SST driver theoretically consumes only a quarter-power of
a differential current-mode logic (CML) driver for the same
output swing because termination resistors are inserted in
series rather than parallel [11]. While an SST driver offers
good linearity and impedance matching, the termination resis-
tor occupies too much area and adds significant parasitic
capacitance, dissipating additional power and degrading the
output bandwidth, as shown in Fig. 1(a).

On the other hand, an inverter driver [6] has a small
area, good power efficiency, and a large output voltage swing
because it does not have a series resistor for termination as in
Fig. 1(b). An inverter driver may suffer from a signal integrity
problem because the driver’s impedance is not necessarily
50 2, and it changes with the output voltage level [6]. This
problem can be easily solved by the relaxed impedance match-
ing [3], [4], [5], [6], [7], [8]. Utilizing only the receiver-side
termination of 50 €2 improves the voltage swing and driver
area at the cost of a negligible penalty in signal integrity [6].

Fig. 2 shows the schematic of an SST driver and an
inverter driver. A single-ended SST driver with matched
termination on both RX and TX consumes (VDD?)/(4Z,),
and the output swing amplitude of the TX is VDD/2,
where Z; is the characteristic impedance of the channel.
However, a single-ended inverter driver with matched RX
termination and without matched TX termination consumes
(VDD?)/[2(R1x + Zo)], and the output swing amplitude of the
TX is (VDD-Zy)/(Rtx + Zo), where Rrx is the impedance
of the TX [6]. Therefore, the inverter output driver, whose
impedance is lower than Zj, has a larger output swing at the
cost of more power than the conventional SST driver [6].

However, the prior single-ended inverter-based TX [6] does
not contain an FFE because two major disadvantages of the
inverter-based C-FFE TX [Fig. 1(b)] have not been solved:
1) the inverter-based C-FFE is very sensitive to quantization
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Fig. 1. Comparison of four-tap TX FFE design options. (a) SST-based C-FFE,
(b) inverter-based C-FFE, and (c) proposed inverter-based A-FFE.
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Fig. 2. Schematic of (a) SST driver and (b) inverter driver. The output swing
amplitudes and average power consumption of the drivers are shown.

errors of FFE coefficients and 2) the inverter-based C-FFE TX
consumes large power in FFE tap subtraction.

First, the inverter-based C-FFE TX is very sensitive to
quantization errors of tap coefficients. Fig. 3 shows 20-Gb/s
eye diagrams simulated with a 20-dB loss channel. Fig. 3(a)
and (b) shows the eye diagrams of an inverter-based four-
tap C-FFE TX without and with a 20% error in the size
of the tap driver of the most sensitive FFE coefficient. The
eye height is almost 100 mV without the quantization error
[Fig. 3(a)]. However, when the most sensitive tap coefficient
(the main tap) is reduced by 20%, the eye height decreases by
76% [Fig. 3(b)], showing that the inverter-based C-FFE TX is
terribly vulnerable to quantization errors of tap coefficients.

Moreover, the output of the inverter-based C-FFE TX
cannot be accurately controlled due to the tap subtraction.
Because of the non-linear characteristics of inverter drivers,
tap coefficients and the output voltage are nonlinearly affected
by errors of tap coefficients. Fig. 4 shows output voltage
histograms when the input data pattern (Dpre, Dmains Dposti»
Dpost2) is (=1, —1, —1, —1). The histograms were acquired
by Monte Carlo simulation with 1000 samples. The output
voltage and the 30 output voltage variation of the C-FFE
TX are 454.2 and 61.77 mV, respectively [Fig. 4(a)]. Because
both PMOS and NMOS transistors of inverter-based drivers
are turned on, the C-FFE TX’s output voltage is sensitive to
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Fig. 3.  20-Gb/s eye diagrams of an inverter-based four-tap C-FFE TX
(a) without and (b) with a 20% error on the most sensitive tap coefficient
(the main cursor). The 20-Gb/s eye diagrams of the inverter-based four-tap
A-FFE TX (c) without and (d) with a 20% error on the most sensitive tap
coefficient (1st post-cursor).
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Fig. 4. Output voltage histograms of (a) inverter-based four-tap C-FFE TX
and (b) inverter-based four-tap A-FFE TX, when the input data pattern (Dpre,
Drmain, Dpost]a DpostZ) is (=1, =1, =1, =1).
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Fig. 5. Current flows of (a) inverter-based C-FFE TX and (b) corresponding
proposed inverter-based A-FFE TX for the same FFE operation. The C-FFE
TX is subtracting FFE taps. The average power consumptions of the drivers
are also shown.

changes in the characteristics of PMOS and NMOS transistors
due to the nonlinearity of the inverter-based drivers. Therefore,
the output voltage cannot be controlled accurately.

Second, the inverter-based C-FFE TX consumes large power
due to FFE tap subtraction. For example, when pull-up PMOSs
and pull-down NMOSs turn on simultaneously during FFE tap
subtraction [Fig. 5(a)], the current flowing from the power
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Fig. 6. (a) Example design of the four-tap B-FFE architecture. (b) Single-bit
response and tap driver outputs of the four-tap B-FFE example.

supply to the ground is wasted as it does not contribute
to pull-up or pull-down of the output signal. Consequently,
unnecessary driver power is consumed.

To address the problems above, Han et al. [9], [10] proposed
a coefficient-error-robust FFE (B-FFE). B-FFE employs a
transition detection filter to improve robustness against FFE
coefficient errors [Fig. 6(a)] and also to reduce the power
consumption due to tap subtraction [Fig. 6(b)]. However,
the prior B-FFE work has three problems: 1) it still has
subtractions between its taps; 2) the sum of the magnitudes of
the B-FFE’s coefficients is bigger than the C-FFE, and thus,
the tap driver sizes are unnecessarily larger than the ideal
design; and 3) B-FFE was not demonstrated with a voltage-
mode driver, which is appropriate for single-ended design.
Instead, the prior B-FFE was designed only with a CML-type
current-mode driver. Therefore, additional improvements are
required for single-ended inverter-based FFE TXs.

In this article, we propose a new FFE [3] architecture
[Fig. 1(c)] that can solve the aforementioned problems of the
inverter-based FFE. For convenience, the proposed FFE will
be referred to as addition-only FFE (A-FFE). If there is no
quantization error of FFE coefficients, we can always find
an A-FFE architecture in which the input/output response is
mathematically identical to the ones of any C-FFE or B-FFE.
However, A-FFE differs from the other two FFEs in that its
output can be produced only by the addition of taps in most
practical applications. With the quantization errors of FFE
coefficients, error signals caused by FFE coefficient errors are
also effectively suppressed by the channel loss as in B-FFE [9],
[10]. Due to this merit of the A-FFE, the eye height of an
inverter-based A-FFE TX does not seriously decrease with the
quantization errors of FFE coefficients [Fig. 3(d)]. Without
the quantization errors, its eye height is almost the same as
the one of a C-FFE TX [Fig. 3(c)]. When the most sensitive
coefficient (1st post-cursor) has an error of —20%, the eye
height decreases by only 14% [Fig. 3(d)]. Also, the A-FFE TX
is more robust to tap coefficient errors due to process variation
and mismatch than the C-FFE TX. The output voltages of
the C-FFE TX and A-FFE TX have nearly the same average
values of 454.2 and 450.7 mV, when the input data pattern

TABLE I

A-FFE SUB-FILTER OUTPUTS

k] x[n-m] Difference filter| Average filter
output (b[n-k]) | output (b[n-k])
-1 -1 0 -1
-1+l +1 0
+1 -1 -1 0
+1 +1 0 +1
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(Dpres Dimains Dpost1» Dpost2) i (=1, —1, —1, —1), respectively.
However, the 30 output voltage variation of the A-FFE TX is
3.8 times less than that of the C-FFE TX [Fig. 4(b)] because
either the PMOS or NMOS transistors of the A-FFE TX are
turned on.

In addition, the A-FFE has no subtraction between FFE
taps and thus consumes less power. For example, when
a pseudorandom binary sequence-31 (PRBS-31) data pat-
tern is transmitted, the proposed FFE driver consumes only
about 30% of the average power of the conventional driver
(Fig. 5).

The rest of this article is organized as follows. Section II
mathematically explains the A-FFE architecture. Section III
theoretically analyzes the robustness to quantization errors of
coefficients compared with the C-FFE. Section IV describes
the circuit design of the proposed inverter-based A-FFE TX.
Section V shows the experimental results and comparison with
the prior arts. Section VI provides the conclusion.

II. ARCHITECTURE

Fig. 7 illustrates the architectures of an N-tap C-FFE
TX and the corresponding N-tap A-FFE TX. The A-FFE is
composed of a shift register consisting of N delay units (D),
an adder, and N — 1 simple digital sub-filters, whereas the
corresponding C-FFE does not have sub-filters. In Fig. 7, x,;
is the digital data input of which value is either “1” or “—1,”
representing a binary number of “1” or “0,” respectively. vy,
is the output of the FFE TX. k is the tap position index of
the shift resistor and also corresponds to the elapsed delay
time from the input xp,; to the (k 4 1)th data tap xj,—) of the
A-FFE. For convenience, we will use “m” as the tap position
index of the main tap; xj,_, is the main data tap in Fig. 7.
To design the A-FFE to produce the same output of the C-FFE,
they must have the same main tap position. In the A-FFE,
a sub-filter is assigned to every pair of the main data tap xp,—;
and non-main data tap xp,_x}, where k # m. It takes these two
inputs and produces one output bp,_. The A-FFE output is
the weighted sum of all sub-filter output taps (bj,—x where
k=0,...,N—1).

There are two types of digital sub-filters [Fig. 7(b)]: a
difference filter (red) and an average filter (blue). The output
of a difference filter is the difference between its two inputs
divided by 2. The output of the average filter is the average
of its two inputs. Table I presents the mapping between
inputs (xp,—) and x,—,) and outputs of the A-FFE sub-filters.
To make the outputs of the A-FFE and the C-FFE identical,
a difference filter must be used for the main data tap xj,_,

Authorized licensed use limited to: POSTECH Library. Downloaded on November 27,2024 at 04:29:00 UTC from IEEE Xplore. Restrictions apply.



3744 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 59, NO. 11, NOVEMBER 2024
x[#-m): the main tap. » L. . ) .
x[n-k]. k#m: a non-main tap. Red \V.ﬂl'f the k-th C-FFE coefﬂc1§11t is neggtl'\ie. then use -().5_f01 the non-main tap.
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]
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| sub-filter
Fig. 7. Block diagrams of (a) N-tap C-FFE TX and (b) N-tap A-FFE TX.
and the (k + 1)th data tap xp,—k; of the A-FFE if the (k + where
1) th coefficient wy; of the corresponding C-FFE is negative. 0.5 0 0.5 0 0
In contrast, if the (k + 1)th coefficient wy of the C-FFE is :
positive, the average filter must be used for xp,_,; and xp,_ : :
of the A-FFE. It is noticeable that by,_,;j = X[, Which is 0 —05 05 0 0
the output of the average filter with two identical inputs of the A=1| o0 ... 0 1 0 0
main data taps (Xp,—n] and xp,—n)). Including bp,_,;, we will 0 e 0 0.5 —05 0
simply refer to the sub-filter output tap as bp,_x) where k = . .
0,..., N — 1. All sub-filter output taps by,_x; are multiplied ) : :
by the corresponding A-FFE coefficients a; and then added L 0_ 0 0.5 0 _ 0.5 ]
up. The summation result is the output vy, of the A-FFE, 1 0 0 0 0
as illustrated in Fig. 7(b). .
We can always find the A-FFE coefficients a;s (kK = 0 ... ] 0 0 0
0,...,N — 1) that make both FFE outputs mathematically
. . . o . . =050 --- O 1 0 0
identical. For simple derivation, we will use the following 0 0 0 -1 0
vector variables to describe the architectures of A-FFE and
C-FFE. b is the column vector of the sub-filter output taps
of A-FFE: l_)[b[n]b[n_l] b[n—m] . b[n_N+1]]T. X is the _0 0 0 0 |
column vector of the data taps: x = [xp;X[n—1] - - -x[,,,NH]]T. T 0 0 1 0 0]
Note that both C-FFE and A-FFE have the same x for the same .
data inputs. w is the column vector of the normalized C-FFE :
coefficients: w = [wy w; --- wy_;]" and 30" jwy| = 0 0 1 0 0
1. a is the column vector of the A-FFE coefficients: a = +0.5(0 0 1 0 0
[ag ay - ay—1]7. Because the output by, of the (k + 0 0 1 0 0
1)th sub-filter of A-FFE can be expressed as follows: : s o
0 --- 0 1 0 --- 0]

w
b[nfk] = O.S(X[nm] + _kx[nk]) (l)

|wi|

where b can be described in terms of x using an N x N
matrix A as follows:

b =Ax

2

= 0.5(Wsign + C). 3)
In (3), Wggn is an N x N diagonal matrix of which the
(k + 1)th diagonal element is the sign of the corresponding
(k + Dth C-FFE coefficient w;. C is an N x N matrix in
which the (m + 1)th column vector is filled with “1”’s, and the
other elements are “0”’s. From Fig. 7(b), the output vy, of the
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A-FFE can be expressed in terms of a and b, and then can be
reformulated in terms of a, x, and A as follows:

v =a'b=a"(Ax) = (@' A)x @)

by using (2). By assuming that the C-FFE and the A-FFE have
the identical output vy,), the same output v, of C-FFE can
be also expressed in terms of w and x as follows:

vy = w'x. (5)
From (4) and (5), the outputs of both FFEs are identical if
w=ATa. (6)

By using (6), we can always find the C-FFE that produces the
same output as any A-FFE.

More explicit closed-form formulas of the A-FFE coef-
ficients can be derived from (6) in terms of the C-FFE
coefficients. The column vector of C-FFE coefficients w can
be expressed as follows:

w= Wsign% (7)

where w,ps 1S a column vector of the absolute values of the
C-FFE coefficients: was = [Jwol |wi| |wa| -+ |wy_i]]%.
By substituting (3) and (7) into (6), we can derive (8) because
Wiign iS a symmetric matrix

Wsign% = 0.5(Wsign + CT)£~ ®)
By multiplying Wiig, to both sides of (8), (9) is acquired
W:ign% = O‘S(nggn + WsignCT)Q' )

Because WiignCT = CT and W5, = I, where Lis the N x N

identity matrix, (9) can be simplified to the following equation:

Waps = 0.5(I+ C")a

1 -« 0 0 0 --- 0
0 0

=051 1 2 1 1la. (10
0 1 0
0 -~ 0 0 0 - 1]

By solving (10) for each element of a, we can get the explicit
closed-form formulas for A-FFE’s coefficients in terms of the
absolute values of C-FFE coefficients as follows:

(1)

N-1
ak;émzzlwkls am zwm_Z|wk|-
=
By using (6) or (11), for the given C-FFE design, we can
always find the A-FFE design that produces the identical
output and vice versa. Although the structures and coefficients
of the two FFEs acquired by (6) or (11) are different, both
FFEs have mathematically identical outputs vy, if there is no
coefficient error. Therefore, the mapping between C-FFE and
A-FFE always exists.
Equations (1) and (11) also prove that A-FFE does not
have tap subtraction in most practical applications where the
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TABLE I

TAP COEFFICIENTS OF C-FFE AND A-FFE FOR
VARIOUS CHANNEL LOSSES

Channel C-FFE's Tap Coefficients | A-FFE's Tap Coefficients
Loss (Wire, Winain, Wposet, Wyos2) | (Apre, Amain, Apostr, Apostz)
20dB -0.16, +0.54, -0.28, +0.02 | +0.32, +0.08, +0.56, +0.04
25dB -0.18, +0.52,-0.28, +0.02 | +0.36, +0.04, +0.56, +0.04
30dB -0.19, +0.5, -0.29, +0.02 +0.38, +0, +0.58, +0.04
A W A=W Wopre Apre .
re = re post! = postt re-
A:a|n=W:a.n—Wp.e Apostz = 2Whostz °“ H Wi cursor
~Woposti=Wpost2 Wi A
(Wopre, Wnain, Wpost1, Wpost2 > 0) .
Anain__Main-
| ____—_Fj;_—__cursor
Wiostt Apostt
1°! Post-
[_]_Wpas“ cursor
ouT Wooz ™ poat
e f gy 2 A

“Wposz  =Apostz

ouT
Clock Phase

ﬂ”UL U=
(c) (d)
Fig. 8. Example designs of the identical four-tap FFE employing (a) C-FFE

and (b) A-FFE architectures. The single-bit responses and tap driver outputs
of (¢) C-FFE and (d) A-FFE examples.

main tap coefficient (w,,) of the corresponding C-FFE is
not smaller than 0.5. The A-FFE output v, is a weighted
sum of sub-filter output taps by, xS:V = Dono Pia_i1ts-
Therefore, if all non-zero terms bp,_jaxs have the same sign;
then, there is no analog subtraction between taps. We can
prove this proposition by showing that all non-zero bp,—ks
have the same sign using (1) and that a; > O for all k =
0,...,N — 1 in practically interesting applications (w,, >
0.5) using (11). According to (1), of which results are also
listed in Table I, all non-zero sub-filter output taps bp,_is,
including k = m, have the same sign of the main data tap
Xin—m] = bpn—m). Because axx, = 2|wy| in (11), it is trivial
that a; > O for all k # m. Because we are mostly interested in
practical single-ended channels for which the C-FFE’s main
tap coefficient w, > 0.5, a, = w, — z]’(v:_()"k#m |lwe| >
0 from (11), because the C-FFE’s coefficients are normalized
oy lwel = 1), wy = 0.5 > 3050 (] if wy > 0.5.
Therefore, (11) proves that a; > 0 for all ks in practical
applications. Because all non-zero bp,_ijs have the same sign
and a; > 0 for all ks, there is no analog subtraction between
taps of A-FFE in most practical applications. Table II shows
the tap coefficients of C-FFE and A-FFE for various channel
losses. In the simulation, when the PCB channel loss is 30 dB,
the size of the C-FFE’s main tap is 0.5. Therefore, A-FFE TX
can be used when the channel loss is less than 30 dB.

For better understanding, Fig. 8 shows example designs of
four-tap FFE employing C-FFE and A-FFE architectures, and
the waveforms of their single-bit responses as well as their
tap drivers’ outputs. A-FFE’s coefficients are acquired from
the C-FFE’s coefficients by (11). Although C-FFE and A-FFE
have different outputs of tap drivers in Fig. 8(c) and (d), both
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Fig. 9. Error signals when C-FFE and A-FFE TXs transmit a single bit pulse at 20 Gb/s, and there are 20% quantization errors on (a) (m + 1)th C-FFE tap
coefficient, (b) (m + 2)th A-FFE tap coefficient, (c) (m + 3)th A-FFE tap coefficient, and (d) (m + 4)th A-FFE tap coefficient. A 1st-order RC channel with a
loss of 15 dB at Nyquist frequency and a time constant of 88 ps is employed for the simulations.

TABLE III

FFE OuTPUT FORMULAS OF C-FFE AND A-FFE IN TERMS
OF FFE COEFFICIENTS

Dore Durin Dost Dpostz CFFE sum (Coeff : -Wpre, AFFE sum (Coeff : +Apre,
+Wnain, -Wpostt, *Wpost2) +Amain, +Apostt, +Apostz)
1111 +Wore “-Wmain +Wpostt -Wpost2 ~Amain -Apost2
11 -1 | #Wore “Winain #Whostt +Whost2 “Amain
-1-1 4141 +Wore “-Winain -Wpostt “Wpost2 “Amain "Apost “Apost2
-1 1 1| #Wore -Winain “Wiostt +Whost2 ~Amain -Apostt
141 -1 | +Wore +Winain +Wopostt “Wiost2 +Apre Amain HApostt
11 -1 +1 | +Wpre +Winain #Wpostt +Wpost2|  +Apre +Amain +Apostt HApostz
ST 1 1| #Wpre #Winain “Woostt “Whost2 +Apre +Amain
1A+ 1| #Woe ¥Winain “Woostt +Wpost2 +Apre +HAmain HApost2
1 -1 -1 -1 “Wore “Winain +Whostt “Wpost2 +Apre “Amain ~Apostz
#1 -1 -1 41 | Wpre “-Wnain +Whostt +Whost2 -Apre -Amain
+1 -1 +#1 -1 “Wore “Winain “-Wpost1 -Whpost2 “Apre ~Amain -Apostt ~Apostz
#1141 #1 | Wire “Wnain “Wpostt +Whost2 “Apre “Amain -Aposti
#1 41 =1 =1 | “Wpre +Winain +Whpostt “Whost2 +Amain Apostt
#1 41 -1 +1 | Wpre *Winain +Wpostt +Wpostz +Amain FApost1 +Apost2
141 +1 -1 | Wore +Wnain “-Wpost1 “Whpost2 +Amain
+1 +1 +1 +1 [ -Wore ¥Wnain “Woostt *Whost2 +Amain HApost2

FFEs have the identical single-bit responses. However, the
operation of the A-FFE differs from that of the C-FFE in that
the A-FFE produces the output voltage by only adding the
tap drivers’ outputs [Fig. 8(d)] whereas the C-FFE has analog
subtractions between tap drivers’ outputs [Fig. 8(c)]. It is also
noticeable that the A-FFE’s tap drivers, except the main one,
are enabled only when necessary for FFE operation, whereas
all the tap drivers of the C-FFE are always enabled. Table III
summarizes the formulas of the outputs of C-FFE and A-FFE
in terms of their tap coefficients. For all input patterns, the
A-FFE does not have analog subtraction whereas the C-FFE
does. Therefore, A-FFE saves unnecessary power consumption
by analog subtraction between tap drivers’ outputs.

III. ROBUSTNESS TO QUANTIZATION ERRORS
OF COEFFICIENTS

A-FFE suppresses the dominant error signals resulting from
quantization errors of tap coefficients by utilizing channel

loss like B-FFE [9], [10]. These errors are modulated to
higher frequencies by A-FFE’s difference filters. The mod-
ulated high-frequency error signals are more attenuated by
the channel loss than the C-FFE error signals that are not
modulated to a higher frequency.

Fig. 9 shows the output error signals of both a C-FFE
and an A-FFE by 20% coefficient errors when each TX
transmits a 1-bit pulse. We assumed that the low-bit tap control
could be employed for practical use. The coefficient errors
due to quantization of FFE coefficients can be modeled as
an additive constant to the nominal coefficient, as shown in
Fig. 9. In C-FFE, the main tap coefficient is usually the
largest, and therefore, the quantization error of the main tap
coefficient dominantly contributes to the error signal for the
same percentage of errors [Fig. 8(c)]. Fig. 9(a) shows the
output error signal of the C-FFE when its main tap coefficient
w,, has +20% error. On the other hand, in A-FFE, the
pre-cursor and post-cursor coefficients at the output taps of
difference filters nearby the main tap are large for de-emphasis
[Fig. 8(d)], and thus, their contributions to the error signals are
dominant [Fig. 8(d)]. Fig. 9(b)—(d) depicts the output error
signals when A-FFE has 4 20% errors on the Ist (a,+1), 2nd
(am+2), and 3rd (a,43) post-cursor coefficients at the output
taps of difference filters, respectively.

We can express the C-FFE’s additive TX output error signal
wy,,_TX(t) due to errors on the main tap coefficient w,, as
follows:

0<t<T
0, otherwise.

Aw,y,,
wy TX(1) = 1 2

(12)
The A-FFE’s TX output error signal a,,,1x_TX(t) caused by the
post-cursor de-emphasis (using a difference filter) coefficient
an+r can be expressed as follows:

Adpy ik, 0<t<T
0, T <t<kT
apr TX(1) = == (13)
—Aapyi, kT <t <(kk+ 1T
0, (k+1DT <t

where Aw,, and Aa,; are the additive errors on w,, and
am+i, respectively. T is the symbol period. Because w,, _TX(?)

Authorized licensed use limited to: POSTECH Library. Downloaded on November 27,2024 at 04:29:00 UTC from IEEE Xplore. Restrictions apply.



% —— C-FFE error at TX o 1 [
=4 -5 CFFE error at R = c
= =& A-FFE error at TX £
5 &\ ---AFFEeroratR <
4 =)
< <
= =
°
g 05 T 05
= N
® ©
£ £
= =
o o
= o =2
0 . O 0A
0 10 20 0

Frequency [GHz]

(@)

Fig. 10.

== C-FFE error at TX
B3 CFFE error at RX

=&~ A-FFE error at TX
== =AFFE error at RX

10 20

Frequency [GHZz]

(b)

MOON et al.: SINGLE-ENDED INVERTER-BASED ADDITION-ONLY FEED-FORWARD EQUALIZATION TX

0.5

Normalized Magnitude

== C-FFE error at TX
-5 C-FFE error at RX
A AFFE error at TX
== =A-FFE error at RX

10
Frequency [GHZ]

(c)

3747

Frequency-domain transmitted and received error signals of the C-FFE and the A-FFE caused by (a) 20% quantization errors on the (m + 1)th

C-FFE tap coefficient and (m + 2)th A-FFE tap coefficient, (b) 20% quantization errors on the (m + 1)th C-FFE tap coefficient and (m + 3)th A-FFE tap
coefficient, and (c) 20% quantization errors on the (m + 1)th C-FFE tap coefficient and (m + 4)th A-FFE tap coefficient, respectively.

is a square pulse [Fig. 9(a)], its spectrum has a large energy
concentration at low frequencies (Fig. 10). a1 _TX(#) is
composed of one positive pulse and one negative pulse having
the same magnitude Aay,x [Fig. 9(b)—(d)]. Therefore, it has
much lower energy at low frequency than the C-FFE’s error
signal (Fig. 10).

Fig. 10 depicts the near-end (at the TX output) and the
far-end (at the RX input) error signals of the A-FFE and
C-FFE in the frequency domain. The C-FFE has a + 20%
quantization error on the main tap w,. The A-FFE has a +
20% quantization error on the 1st (a,+1), 2nd (a,+2), and
3rd (a,+3) post-cursor de-emphasis (using difference filters)
coefficients, respectively, as shown in Fig. 10(a)—(c).

The Fourier transform of w,;_TX(t) is

Wy _TX(f) = Aw, Tsinc(Tf)e /™17, (14)
The Fourier transform of a,,,,_TX(?) is
Ak _TX(f) = Aty Tsine(T f)e= "/ D(f) (15)

where D(f) = 0.5(e/" T/ — /27 *«=03Tf)o=j7Tf ig the transfer
function of the difference filter. Therefore, the difference
filter, acting as a high-pass filter, attenuates the low-frequency
components of the a,,x_TX(f) (Fig. 10). It is noticeable that
the A-FEE’s frequency-domain transmitted error signal has
much smaller low-frequency components than the C-FFE’s.

Because the channel is linear time-invariant (LTI), we can
derive the far-end received C-FFE and A-FFE error signals as
follows:

mRX(f) = H(fHwn_TX(f) (16)

and

a1k RX(f) = H(f)amx_TX(f)

respectively, where H (f) is the transfer function of the chan-
nel. The A-FFE’s difference filter suppresses low-frequency
error components while the low-pass filter channel suppresses
high-frequency error components like the B-FFE [9], [10]
[Fig. 10(a)—(c)]. In this manner, the A-FFE suppresses the
error signals due to errors of the pre-cursor coefficients at
the output taps of difference filters. On the other hand, the
received C-FFE error signal is larger because its low-frequency
component is rarely attenuated by the channel. Therefore,
A-FFE is more robust to quantization errors of coefficients
than C-FFE.
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Fig. 11. Schematic of the implemented four-tap A-FFE TX.

The A-FFE’s robustness advantage regarding quantization
errors of tap coefficients over the C-FFE becomes greater
if the channel loss is larger. With a larger channel loss, the
C-FFE eye size is smaller while the tap coefficients and thus
their errors become larger. Therefore, the C-FFE suffers more
from the quantization errors with a larger channel loss [9],
[10]. On the other hand, with a larger channel loss not only
the quantization errors but also the attenuation of the error
signals become larger in A-FFE. Therefore, A-FFE becomes
much more robust to quantization errors of tap coefficients
than C-FFE if the channel loss is large.

IV. TRANSMITTER DESIGN

To verify the proposed FFE architecture, a four-tap A-FFE
TX was designed for a single-ended memory interface using
inverter drivers. Fig. 11 shows a schematic of the four-
tap A-FFE TX. The TX adopts a half-rate architecture and
consists of latch-based half-rate shift registers, half-rate digital
decoding blocks, serializing 2:1 multiplexers (MUX3s), full-rate
tap drivers, and a clocking circuit (Fig. 11).

The four-tap A-FFE is composed of the 1st pre-tap, the main
tap, the 1st post-tap, and the polarity-switchable 2nd post-tap
to operate on a 15-dB PCB trace. The sign of the 2nd post-tap
is controlled by the sign control bits of the XOR gates in the
decoding block. The sizes of tap drivers are carefully designed
to provide the driving strength needed for the desired data rate
and the target channel loss.

The sub-filters of the A-FFE can be easily implemented by
digital logic gates in the decoding block (Fig. 11). The inputs
of the main tap and digital outputs of the decoding block are
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Fig. 12.  (a) Single-bit responses of the four-tap A-FFE at TX output.
(b) Single-bit responses of the four-tap and three-tap A-FFE at RX input.

serialized by retiming 2:1 MUXs and then fed to the A-FFE
TX tap drivers.

The tap drivers have two types: strong and weak drivers.
A strong driver is an inverter bank that can provide large
driving strength while a weak driver is a current-starved
inverter whose strength can be precisely controlled by the tail
current sources (Fig. 11) [14]. To allow for high swing voltage
output, we used non-cascode current sources in our prototype
chip.

Because the magnitudes of the 1st pre-tap and 1st post-
tap coefficients of the A-FFE are much larger than the main
and 2nd post-tap coefficients, they are implemented with
strong drivers for sufficient driving strength. In our proof-of-
concept design, the 1st pre-tap and 1st post-tap drivers are
binary 6- and 7-bit inverter banks, respectively, with digitally
configurable driving strength. These configurations are chosen
to produce the same coefficient error percentage to verify
robustness to the quantization error of the tap coefficient
in measurement. The NAND gates and NOR gates control
the pull-up and pull-down strengths of the strong drivers,
respectively.

Because the A-FFE coefficients of the main tap and the 2nd
post-tap are smaller than the coefficients of the other taps,
their tap coefficients must be precisely controlled. Therefore,
these taps were implemented with the weak drivers. However,
when only the main tap driver is turned on, the strength of
the A-FFE’s output driver is small. In Table III, the input data
patterns (Dpre, Dmain, Dpostis Dpos2) When only the main-tap
driver drives the rest of the off FFE units are as follows: (—1,
—1,—-1,1), (1, 1, 1, —1). Fig. 12 shows the single-bit response
at the TX output and RX input with a 20-dB loss channel and
output capacitors (200 fF for ESD and 100 fF for the pad)
in the post-layout simulation. Although the limited driving
strength of the main-tap driver may cause some post-cursor ISI
[Fig. 12(a)], the 2nd post-tap driver can effectively compensate
for the induced ISI [Fig. 12(b)].

The strong drivers behave nonlinearly due to the change
of the TX output impedance [12]. For example, as the TX
output voltage approaches the supply, the pull-up strength
of the strong driver diminishes due to the reduced drain
voltage [Fig. 13(a)]. Therefore, the TX output voltage is
not sufficiently high. A booster tap driver is a strong driver
that compensates for the nonlinear strength degradation of
the inverter when the TX output voltage is near to the
supply or ground (Fig. 11). In this case, the booster tap is
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activated to raise the TX output voltage to the appropriate
level [Fig. 13(a)]. In this example, the PMOS booster tap
turns on when both 1st pre-tap and 1st post-tap are activated
simultaneously to increase the output voltage. Likewise, the
NMOS booster tap helps tap drivers pull the TX output down
when needed.

Fig. 14 shows histograms of the A-FFE TX’s output
impedance and the 20-Gb/s eye diagrams simulated with
a 20-dB loss channel at multiple corners. The histograms
were acquired by Monte Carlo simulation with 1000 samples.
Thanks to the low impedance of the switch-MOS, when all
taps are turned on, the pull-up and pull-down impedances of
the A-FFE TX are 7.86 and 8.27 €2, respectively, which is very
small compared to conventional 50 2. The 30 variations of
the pull-up and pull-down impedances are 0.84 and 0.93 €,
respectively. The eye height is reduced by the variation of
the output impedance without changing the tap coefficients
[Fig. 14(c)]. The maximum reduction rate of the eye height
is 11%. Despite the variations, we achieve the eye diagram
with high eye height due to the high TX output voltage swing
[Fig. 14(c)]. The receiver-side termination of 50 2 allows for
relaxed impedance matching constraints, even with changes in
TX impedance caused by PVT variation [6].
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The clocking circuit consists of a duty cycle corrector
(DCC), a digitally control delay line (DCDL), and clock
drivers for serializing 2:1 MUXs (Fig. 15). The DCC consists
of an always-on inverter and 4-bit coarse and 3-bit fine tri-state
inverter banks with adjustable rise/fall delays. The DCDL is
used to compensate for the skew between CLK_OUT and
CLKB_OUT (Fig. 15). The DCDL consists of two inverters,
each with MOS capacitor banks that are inserted between the
inverter stages.

V. MEASUREMENT RESULTS

To verify that an A-FFE TX can employ inverter drivers
and improve robustness against quantization errors of tap
coefficients and power efficiency, we fabricated the proposed
four-tap A-FFE TX in 28-nm CMOS technology. Fig. 16
shows the TX’s die micrograph. Due to the absence of
termination resistors, the TX driver and the TX core occupy
only 336 and 1149 um?, respectively. A test environment of
the TX is shown in Fig. 17. The chip was tested with a supply
voltage of 1.1 V and the PRBS-31 data pattern. The PRBS-31
data are produced by using an on-chip PRBS generator [13].
The output data of the TX is applied to the oscilloscope via a
PCB trace, an SMA cable, and a bias-tee. The PCB trace loss
is measured to be 15 dB at 10 GHz (Fig. 17).

Fig. 13(b) and (c) shows the measured eye diagrams of the
TX without and with enabling a booster tap, respectively. The
TX achieves a data rate of 20 Gb/s. The eye height and width
are 55.1 mV and 0.44 UI, respectively, as shown in Fig. 13(c).
With the disabled booster tap, the eye height is reduced to
30.9 mV, as shown in Fig. 13(b). Therefore, the eye height is
improved by 78% by the booster tap, which compensates for
the non-linear behavior of the inverter drivers.
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transition: the energy consumption of (a) total TX circuit and (b) only drivers.

To evaluate the A-FFE’s robustness against quantization
errors of coefficients, we measured eye sensitivities [12].
The eye sensitivity is the percentage of eye size reduction
divided by the percentage of a coefficient reduction [12].
Fig. 18 shows the measured eye diagrams without and with a
20% error on the most sensitive tap coefficient. The errors
of the strong and the weak drivers are given by changing
the number of enabled inverters and the strength of current
sources, respectively. The eye height was the smallest when the
pre-cursor tap coefficient was reduced by 20%. The measured
worst eye sensitivity is 0.68 (Fig. 18). In simulations, the eye
sensitivities of the four-tap inverter-based C-FFE TX and the
four-tap inverter-based A-FFE TX are 3.8 and 0.7, respectively
(Fig. 3). These data show that A-FFE is much more robust
against quantization errors of coefficients than C-FFE.

Fig. 19 presents the measured A-FFE TX energy con-
sumption versus data transition probability. The A-FFE TX
drivers’ energy consumption is changed by transition prob-
ability. When data transition occurs, the difference filters
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TABLE IV
PERFORMANCE SUMMARY AND COMPARISON
ISSCC 2020 [1] ISSCC 2022 [2] TCAS12022 [6] JSSC 2016 [8] JSSC 2016 [10] This work
Technology 8 nm 65 nm 28 nm LPP 28 nm FD-SOI 65 nm 28 nm LPP
VDDQ = L.35
Supply voltage g
pply voltage (V) VDD - 0 89 1 L13 N/A 13 11
Single/Differential Single Single Single Single Differential Single
Driver Type Voltage-mode driver + Cagacrlgl\s d(i‘g;: with Low-impedance High-impedance CML Inverter + current
yp capacitive-peaking driver ' &r g inverter Inverter + RC high- starved inverter
biasing technique pass filter
N 1-tap de-emphasis, Edge - .
Equalization (TX > > - A 4-tap B-FFE _ -FFE
q ax boost, FEXT EQ 2-tap FFE X Passive EQ p 4tap A
FFE Tap Addition-Only X X N/A N/A X (0]
Data pattern N/A PRBS 7 PRBS 31 PRBS 7 N/A PRBS 31
Data rate (Gb/s) 18 12 20 20 8 20
Channel loss (dB) 10 N/A 8 10.7 25 15 (PCB trace only)
Worst eye sensitivity N/A N/A N/A N/A 0.56 0.68
Qutput Swing at TX Output N/A N/A N/A N/A N/A 870 mV,,
Output Swing at Far-End N/A N/A 850 mV,, 118° mV,, 131°mVd,, 253 mV,,
Eye Height 130 mV (WRITE), 110 mV (READ) 36° mv 234 mV 24° mv 50 mV 55.1 mV
Energy efficiency (TX) (pJ/b) N/A 0.264 1.18 0.14 N/A 1.18
Area (“mz) 4151250* 3045 1126 4556 2128 1149

*Area includes PLL, CA Slice, and dataslice (16bit) "Estimated from an eye diagram.
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Fig. 20. Power breakdown of the A-FFE TX.

become active and generate the 1st post-cursor and 1st pre-
cursor signals; if no data transition occurs, these filters are
deactivated. In Fig. 19(b), without data transition (0% prob-
ability), the A-FFE TX drivers consume only 10% of the
power consumption with a 25% data transition probability.
Excluding the main-tap and 2nd post-tap, all A-FFE taps are
activated only when data transition occurs. As a result, the
energy consumption increases linearly with the probability of
data transition (Fig. 19). Therefore, in the idle state, the A-FFE
TX can save unnecessary power dissipation.

Fig. 20 shows the power breakdown of the TX. The power
consumption breakdown of each sub-circuit is estimated by
the measured TX power and by prorating the simulation
results. The TX consumes 1.18 pJ/bit at the maximum speed
of 20 Gb/s. The clocking circuit (clock drivers, DCC, and
DCDL) occupies the largest portion (43%) of the TX power
consumption whereas the decoding block consumes the small-
est portion (3%). Because the decoding block is placed before
the serializers, its size and power consumption are small. The
clock drivers, the DCC, and the DCDL occupy 22%, 9%,

and 12% portion of the TX power consumption, respectively
(Fig. 20). Excluding the power consumption of the DCC and
the DCDL, the TX consumes 0.93 pJ/b at a data rate of 20 Gb/s
(Fig. 20). The power consumption of the DCDL increases the
power consumption of the entire clocking circuit. Due to the
limited design time, we utilized an existing clocking circuit
that was not optimized in this prototype chip. If we had used
an optimized clocking circuit, the power consumption would
have been smaller.

A performance summary and comparison with prior works
are shown in Table IV. The proposed A-FFE architec-
ture entirely removes subtractions between four-tap cursors
whereas the C-FFE [2] and the B-FFE [10] do not. Since the
A-FFE has an addition-only property, the four-tap A-FFE TX
can use inverter drivers. The TX is robust to quantization errors
of coefficients like the B-FFE [10] employing difference filters.
Since using area-efficient inverter drivers, the TX occupies
only 1149 um?. The TX occupies a smaller area than the
passive-equalization TX [8]. The TX achieves a data rate of
20 Gb/s/pin although the TX in [1] achieves a slower data rate
of 18 Gb/s/pin.

VI. CONCLUSION

In this article, we proposed an A-FFE TX architecture. The
addition-only property of the A-FFE architecture has three
advantages. First, it allows to use inverter drivers as FFE
taps. Because the inverter drivers do not include termination
resistors, the TX can fit in a very small area. Second, it saves
unnecessary power consumption by tap subtractions. Finally,
A-FFE is robust to quantization errors of tap coefficients
because the error signals are suppressed by the channel
loss.

To verify the A-FFE architecture, we designed an inverter-
based four-tap A-FFE TX in 28-nm bulk technology. The test
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chip achieves a data rate of 20 Gb/s/pin. The TX drivers have
inverter banks and current starved inverters without employing
termination resistors. Therefore, it occupies a small area of
1149 pm?. Furthermore, the TX consumes low power when
the probability of data transition is low. The A-FFE TX drivers
consume 90% less power when the data transition probability
is 0% than when it is 25%. The TX achieves an eye sensitivity
of 0.68, and its energy efficiency is 1.18 pl/bit.
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