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Abstract

Temporal degradation of transistors due to aging causes mismatch in the current mirror, a matching-critical building
block of current digital to analog converters (IDACs). This mismatch induces non-linearity in IDAC behavior and can
cause nonmonotonicity in the worst case. This paper performs an application-driven analysis of IDAC aging within a feed-
forward equalizer (FFE) context. The work first models the effect of aging-induced mismatch over IDAC performance
metrics and analyzes the performance shifts of IDACs over different topologies and input distributions. Next, the work
illustrates how IDAC aging affects FFE behavior and presents novel schemes for FFE calibration to counter the impact

of IDAC aging effectively.
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1. Introduction

Compatibility to digital technology, high operating speeds,
and low area footprint have made the current-mode digital-
to-analog converter (IDAC) a popular choice of DAC im-
plementation in state-of-the-art mixed-signal SoCs. An
IDAC is the preferable option of converter for high-speed
link (HSL) components operating at multi-GHz frequency,
such as feed-forward equalizers [1], decision feedback equal-
izers [2], and linear equalizers [3], due to its fast response
time. HSLs are often subject to high data rates as well
as high levels of activity. As a result, especially in deeply-
scaled technologies, IDACs in the HSL are subject to aging-
induced performance degradation that can cause nonlin-
earity and nonmonotonicity, at the worst case.

Temporal performance shifts of IDACs can vary based

on the architectural decisions, such as implementation topolo-

gies and bit position of segmentation, and distribution of
inputs that depends on IDAC applications. Hence, un-
derstanding the significance of IDAC design choices and
input distribution is essential to counteract aging-induced
performance degradation efficiently. With this objective,
the work performs an application-driven detailed modeling
study of IDAC aging. We show how aging induces mis-
match over time in matched transistors and the induced
mismatch affects IDAC behavior over time. We study
the impact of aging within the context of a feed-forward
equalizer (FFE) used in an HSL. In contrast, prior studies
on IDAC aging [4, 5] have examined aging in standalone
current-steering DACs. We also present novel methods to
optimize FFE performance after aging. Unlike the con-
temporary IDAC calibration schemes presented in prior

works [6, 7, 8, 9, 10], our proposed techniques consider
aging-induced performance shifts of IDACs and are appli-
cation specific, i.e., they utilize the operating principles
of FFE to counter IDAC aging. Our study incorporates
the calibration methods used in analog systems to recover
from performance drifts. A preliminary version of this
work appeared in [11]. This work enhances the work in [11]
through the following additions:

e The models for estimating performance drifts of IDACs
are generalized for any digital encoding scheme (unary,
binary-weighted, and segmented); the models in [11]
were limited to binary-weighted IDACs only.

e Aging-induced nonlinearities in a current-switching
DAC significantly vary with input code distribution
(Section 7). This paper explores input distributions
of three different categories: unvarying, binomial,
and uniform. In comparison, [11] only explored un-
varying inputs.

e This paper illustrates how the position of segmen-
tation can affect the performance of a segmented
IDAC configured with a current-switching architec-
ture. This part is entirely new to this manuscript,
since segmented IDACs were not previously consid-
ered.

e A complete study is presented of the effects of IDAC
aging on its application in an FFE, illustrating how
aging can affect the adaptive equalization scheme. A
new technique is proposed to counteract the impact
of aging in this scheme. In comparison, [11] explored
the lone pulse equalization scheme only.
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Fig. 1. (a) Binary-weighted IDAC and (b) unary IDAC configu-
rations. (c) Structure of a current mirror (CM) used within these
IDAGs.

e Finally, this paper includes qualitative remarks through-

out the result section of this paper that can help
circuit designers to improve IDAC’s robustness to
aging.

The paper is organized as follows: Sec. 2 discusses
the IDAC operating principle with an analytical approach;
Sec. 3 presents analytical models to estimate performance
shifts of IDAC due to aging; Sec. 4 provides a brief de-
scription of FFE, a requisite for subsequent sections; Sec. 5
explains different coefficient selection schemes of FFE and
how aging affects these schemes; Sec. 6 presents novel ap-
proaches to counter IDAC aging in an FFE; Sec. 7 includes
the results of our analyses to illustrate the impact of aging
in IDAC and FFE, as well as to demonstrate how our pro-
posed schemes effectively counter IDAC aging in an FFE;
and Sec. 8 concludes the paper.

2. Analysis of IDACs

2.1. IDACSs: Operating Principles
Given an integer value, ¢, as input, a current digital-to-
analog converter (IDAC) scales an analog input current,
I;n, to generate an analog output current, I, using a
digital representation of the input. Based on the digital
encoding scheme used for ¢, IDAC architectures are cat-
egorized into three classes: binary-weighted, unary, and
segmented IDACs. These three classes differ in how they
convert an input current, I;,, to the output current I,,;.
A binary-weighted IDAC (Fig. 1(a)) uses an N-bit bi-
nary encoding of ¢, i.e., 0 < ¢ < 2, to generate

N-1
Tout = (Z Cb.i R) I; (1)

=0

Here, ¢, ; is the i*" bit in the binary representation of c. An
appropriately sized current mirror (CM) (Fig. 1(c)) trans-
lates the input current I;, through schematic transistor
M.y to the current (R;I;;,) through schematic transistor
M;, where R; is the transfer ratio for M;. For binary-coded
input, M; is sized at 2'x relative to M,cs. In the Fin-
FET technology used in our analyses, each sized schematic
transistor is implemented using multiple discrete FinFETs,
e.g., a 4x transistor is implemented as four FinFETs.!

1M,.ef could be implemented using f FinFETSs; if so, the other tran-
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Fig. 2. IDAC schematic: (a) current-steering, (b) current-switching
topology.

A unary IDAC (Fig. 1(b)) uses a thermometric decoder
to convert an N-bit binary representation of cis to a (2% —
1)-bit thermometer code, generating the output current as
follow:

2N _2

Iout = Z Cti* Ri Iin (2)
1=0

where ¢;; is the i*™ bit in the thermometer-coded repre-
sentation of c¢. In contrast to binary-weighted IDAC, the
transfer ratio R; for transistor M; is independent of the
position, 4, in a unary IDAC architecture, and is imple-
mented with equal sizing of M, irrespective of .

A segmented IDAC partitions the binary representa-
tion of input ¢ into two segments: the P least significant
bits (LSBs) use a binary-weighted IDAC, and the (N — P)
most significant bits (MSBs) use a unary IDAC structure.
Binary-weighted IDAC requires fewer resources compared
to unary IDAC. On the other hand, unary IDAC is in-
herently monotonic [12]. A segmented IDAC balances the
trade-offs of binary-weighted and unary IDAC architec-
tures. The output current of the segmented IDAC can be
written as:

2N=P)_o

P—1
Tout = ( Z Chi- Rui + Z ci Rei)lin  (3)
i=0 i=0

Binary-weighted IDAC Unary IDAC

Here, the transfer ratio Ry ; is the same as in the binary-
weighted scheme (i.e., the size of transistor M; is 2'x that
of Mycf), and Ry is as in the thermometer scheme (i.e.,
all transistors M; are identically sized to 2F x the size of
Myey); cbi and ¢ ; are bit by positions in the the binary-
coded and thermometer-coded segments of ¢ that can be
mapped to decimal values, ¢, and ¢;, respectively, such
that:

P-1 2(N=P)_o
§ : Q. _ § : P

Cp = Ch,i* 2 ; G = Ct,i* 2 (4)
i=0 =0

sistor sizes and indices could be scaled up by f. For ease of exposition,
we assume a unit-sized M.y



Here, R;; is identical for all transistors in unary IDAC
and sized 2F x relative to My
In other words, the segmented IDAC is a generalization
of the other two schemes: it reduces to a binary-weighted
IDAC when P = N, and to a unary IDAC when P = 0.
Based on the implementation technique, IDAC archi-
tectures can be realized with two different topologies [13]:

current-steering, and current-switching (Fig. 2). Both topolo-

gies use a current-mirror (CM) to convert an analog input
current, I;,, to a scaled analog output current, I,,:, by
binary-coded or thermometer-coded digital input. The
current-steering DAC also includes a set of differential
pairs (DPs), which function in “digital mode” with in-
put values at logic 1 or logic 0. For the DP, aging only
affects the settling time of the output, and its impact can
be minimized with wider transistors. On the other hand,
as we will show, IDAC performance is very susceptible to
CM aging.

Notation: We summarize our notation below:

e ¢;: The i*? bit in the digital input code of ¢. In spe-
cific scenarios, if we have a binary-weighted or ther-
mometric representation, we may more specifically
refer to ¢; as

— ¢p,i, which represents the i bit in the binary-
weighted digital input code of ¢, 0 <7 < N.

— ¢t,4, which is the i*" bit in the thermometer code
of ¢p, 0 <i< 2N —1.

e M;: the i*" transistor in the schematic.

e M; ;: the j*" FinFET in M;. The range of j, for M;
in: o binary-weighted IDAC is 0 < j < 2%
o unary IDAC is 0 < j < 2¥ where P > 0.

e R;;: FinFET transfer ratio, (Ias, ;/In,.,) from the
reference transistor current to the current in FinFET

M; ;.

e R;: transfer ratio of bit i, the ratio (Ias, /Ias,.,) from
the current in M,.s to that in schematic transistor
M;.

° A[M,«ef,MiJ'] = A‘/th,M,,,ef — A‘/H%Mi,j: threshold
voltage mismatch between FinFETs M; ; and M.

Based on this notation, the current through M; is:
Iy, =c¢i - Ry Iy, = Z (ci-Rij) Lin (5)
J

We use Vgs, v, ; and Vps u, ; to denote the gate-to-source
and drain-to-source voltages, respectively, of M; ;. In both
IDAC topologies, M, is a diode-connected transistor that
converts an input current, I;,, to a voltage, V. Hence,

VesM,.; = Vpsm,., = Vo (6)

In the current-steering topology, the gate node of each
FinFET in M; is always connected to V3. In the current-
switching topology, the gate of M; is connected to Vj if
¢ =1 (ie, Vasm, = V), or to ground if ¢; = 0 (ie.,
Vas,m, = 0).

In the ideal circuit, all FinFETs have identical thresh-
old voltage, Vi3, ,,. Process variations are minimized using
larger transistor sizes and using layout techniques such as
common-centroid. If Vgs as, ; = Vb, then for all FinFETs
Mi,j of Mi7

VDS,Mi,j = Vd ~ % - ‘/;fh,y, (7)

These transistors are placed in saturation to maximize out-

put current, and V; is chosen to maximize output swing.
The transfer ratio, R; ; = Ins, ;/In,., for FinFET M; ;

can be represented using the alpha-power law [14] as:

Rij =

VGS,Mi,j - Vth,Mi,j }a |: L+ )\VDS,MM ] (8)
VesMer — Vi, M, 1+ AVps .,

2.2. Performance for the Ideal Case

In this subsection, we present the expressions of various
performance parameters that are used to analyze the im-
pact of aging of an IDAC. Generalized expressions are pre-
sented for N-bit segmented IDAC consisting of a P-bit
binary-weighted IDAC and an (N — P)-bit unary IDAC
that can easily be mapped for N-bit binary-weighted IDAC
and N-bit unary IDAC by setting P = N and P = 0, re-
spectively.

Ideally, Vgs = V;, and Vi, = Vi, i, the nominal value,
for all transistors. The circuit performance parameters
are:

FinFET transfer ratio: For each FinFET M, ;,

Vo= Vin, @ 1+ AV 1+AVg A
Ri‘: 2 = = 9
7 {vam,ﬂ] {1+>\VJ VA 9)

Transfer ratio of the i™ transistor: For the binary-weighted
IDAC segment, the transfer ratio for bit position ¢ can be
modeled as:

2t -1
Jj=0

For the unary IDAC segment, the transfer ratio of a tran-
sistor is independent of bit position 7, and dependent on
the minimum bit position in the array segment of the
binary-coded input bits, P, it is handling:

2P 1
Rii = Z Rij = 2P .y where P >0 (11)
j=0

If [ represents the bit position in combined representation
of an input that uses a P-bit binary code and an (N — P)-
bit thermometer code, the transfer ratio of the segmented



IDAC can be represented as:

Ry, 0<1<P
Ry = Ror0= (12)
Rt,l)lZP

Finding I, : For the segmented IDAC, we can calculate
I, combining Egs. (3), (4), (10), and (11) as follows:

2(N=P)_o
Iout: Zcbz sz+ Z Ct,i* th Izn
=0
P— 2(N=P) 9
= Z Chi PAE Z Cri 2 | -r-Iiy
i=0
=(ep+ec) r-Lipw=c-r I (13)

Gain: For an IDAC, gain is the ratio of full-scale current,
Irg, of the IDAC that corresponds to the maximum range
of its input, ¢™**. Gain of the segmented IDAC can be
measured using (13) as follows:

maz .. Izn

Cma.r

G- IFS :C

cmar

Differential nonlinearity (DNL): To compute DNL for an
input ¢, we determine the step size in the output current
in moving from input word ¢ — 1 to ¢, and compare it with
the ideal gain for a single step (Eq. (14)):

DNL, = (I. — I_1) — - I, (15)

For the segmented IDAC, the step size in the ideal case
can be calculated using Eq. (13) as follows:

I.—I.y=cr-Lip—(c=1)-r Ly, =r I (16)

Integral nonlinearity (INL): The INL of an input ¢ is the
difference between actual output and ideal output for the
input ¢, and can be represented as:

INL.=1I, —c-r-I, (17)

For the ideal case, from Eq. (13), INL. = 0 for all c.

3. Aging Effects in IDACs

3.1. Aging Model

We consider the impact of aging on FinFET-based IDAC
circuits with n-type FinFETs. We focus on hot carrier
degradation (HCD) induced aging that causes a positive
threshold voltage shift, AVy,, in n-type FinFETSs prompt-
ing V4, to increase over time, t. We ignore smaller PBTI
shifts as its impact can be considered negligible compared
to HCD [15]. We extend the model in [16] to incorpo-
rate dependency of the threshold voltage shift to channel
length using data from [17].

The impact of aging at time ¢ is modeled as:

AV, = Vi, (1_6[—(5~t/m)"]> (18)
A
_ C41(Vbs—Vas)]
where 7 = “m o
- ~els(L—Lo)]
A = AgelBe/(T)]

B = PP

Here, k is Boltzmann’s constant; L is the gate length; [
is the activity factor of the FinFET in IDAC; (s is the ac-
tivity factor of the IDAC; the temperature T' =Ty + Tsy
where Tj is the base temperature and Tsyy is the local tem-
perature rise due to device self-heating. We incorporate
self-heating using the equations in [16]. Other model pa-
rameters are: I'y; = 3.85V ™1, I'yy = 9.40V 1, v =252,8
= 0.045s/nm, Lo = 14nm, ng = 0.8, 7, = 10°s, x = 0.036,
AL =6 x10"3s, E, = —0.58eV L.

8.2. Performance Shifts due to Aging

A transistor only ages at the active state when it carries
current. During normal operation, the M,.r transistor
is always active. In the current-steering DAC, FinFETs
M; ; in the CM are also always active, but in the current-
switching DAC, M; ; may be active or inactive, depending
on ¢;. Even if M, ; is active, from Eq. (7), Vps s, <
VDS Myes-

Moreover, in a diode-connected configuration, at a con-
stant current I;,, Vi, degradation in M,.¢ implies that
VGs. .., increases over time to maintain the I;;,. This
causes Vps u,., = Vas,um,.; to rise [18], further worsening
the gap between M, ..y and M; ;. Therefore, M,y typically
undergoes more HCD aging than FinFETs M; ;. The im-
balance in aging rates leads to mismatch between transis-
tors, quantified as:

AlMyep, M; j] = AVip at,p — AVinr, (19)

ref

The aging equation (18) models this mismatch, based on
factors such as time, activity factor, and applied voltage.
We present expressions that quantify the impact of
aging-induced shifts on IDAC performance parameters.
The expressions are derived for N-bit segmented IDAC
consisting a P-bit binary-weighted IDAC and a (N — P)-
bit unary IDAC. The expressions can easily be mapped
for N-bit binary-weighted IDAC and N-bit unary IDAC
by setting P = N and P = 0, respectively. Proofs for
these expressions are provided in Appendix A.
FinFET transfer ratio: The shift in the transfer ratio of

an individual FinFET M; ; is as follows:
a-r

Vo = Vi)

= aKr- A[M,cf, M; ;] (21)

AR’Z-’J- = “AlMyey, M, ;] (20)



Here, K1 = 1/(Vs, — Vi, u)-
Transfer ratio: For a P-bit binary-weighted IDAC, the trans-
fer ratio shift of the i*? transistor is given by:

211
ARZ,Z =akKkir Z A[Mrengi,j],O <i< P
=0

(22)

For (N — P)-bit unary IDAC, the transfer ratio shifts by:

2P 1
AR}, = aKyr Z AlM,ef, M; ;1,0 <i < 20V-P) 1
=0
(23)

If [ represents the bit position in a combined representation
of a P-bit binary-coded and an (N — P)-bit thermometer-
coded input, the shift in the transfer ratio of the segmented
IDAC can be represented as follows:

aKlTZ?;_ol A[Mrefa MlJ]a 0<I<P

AR; = 2P
OLKlT ijo A[Mref,Mlyj],l Z P

(24)

I,.+: The output current perturbation due to aging is given

by:

P—1 2(N=P) _9
Alpus = Iin | Y eniARy+ > AR | (25)
i=0 i=0
Gain: The shift in the gain due to aging is:
I P-1 2(N=P)_o
AG =gy | D AR+ Y AR, (26)

1=0 1=0

DNL: Without any calibration, the differential nonlinear-
ity after aging is:

N-1
DNLe = i | Y [chi — (¢ = 1)p3] AR} +
=0
2(N=P)_9
Y leni— (e— 1)l ARY, (27)
=0

INL: Without any calibration, the integral nonlinearity
introduced by aging is:

N-1 2(N=P)_o
INLe =TIin | Y ciARy, + Y. ciAR;, | (28)
=0 =0

Note that all terms depend on the mismatch, A[M,.y, M; ;].
A slower aging rate of both M,.; and M; ; will result in a
smaller A[M, s, M; ;]. Since gate length, L, affects both
devices simultaneously, larger gate-length causes smaller
AVy, (Eq. (18)) and smaller A[M, .z, M, ;] as a conse-
quence. Hence, a proper selection of L in the design phase

can be used to quantify aging and contain A[M,.s, M; ;]
in the acceptable range.

In modern systems, the aging-induced gain error, AG,
can be calibrated to zero by tuning I;,,. Regulating AG =
0 will also set DNL and INL to zero in a segmented IDAC
with the current-steering configuration (Appendix B). How-
ever, I;, tuning only scales the nonlinearities in a seg-
mented IDAC with the current-switching configuration,
and the extent of nonlinearities varies based on the in-
put distribution, and position of segmentation, P. We
illustrate these facts in Section 7.

3.8. Susceptibility to aging-induced nonmonotonicity

Nonmonotonicity is an undesirable property in an IDAC,
and it can cause system-level failures when the IDAC is
used in a larger system. An IDAC is nonmonotonic if its
output displays a negative step size as the input moves
from ¢ — 1 to ¢, i.e., if DNL, < —1xLSB.

The value of DNL, only depends on the bitwise differ-
ence between the digital representation of successive input
codes, ¢ — 1 and ¢. At t = 0, the contribution of aging
to DNL, is zero for all ¢ for an ideal IDAC (Eq. 15). As
the transistors age with time, the contribution of aging to
DNL, shifts from zero. In thermometer encoding, succes-
sive codes only flip one bit from zero to one, irrespective of
N. Hence, the step size of an aged unary IDAC for any c is
positive. In unary IDAC with the current-steering topol-
ogy, DNL, > OxLSB as all transistors age at the same
rate. In unary IDAC with the current-switching topology,
DNL, > —1xLSB as only one device will switch with suc-
cessive inputs. Consequently, a unary IDAC is robust to
nonmonotonicity. On the other hand, successive codes can
flip a bit both ways, from zero to one or from one to zero,
in a binary-weighted IDAC. Moreover, the number of bits
that can flip in a binary encoding of successive inputs in-
creases with N. Hence, unlike a unary IDAC, DNL, can
be < —1xLSB in an aged binary-weighted IDAC with the
current-switching topology, and the range of aging-induced
|IDNL,| increases with N.

The robustness of a unary IDAC to nonmonotonicity
comes at the cost of additional resources, such as the over-
head of a thermometric decoder (Fig. 1), whose area and
power overhead increase at the exponential rate of 2V with
the number of binary bits, N. A segmented IDAC balances
the advantages and disadvantages of binary-weighted and
unary IDAC architectures by lowering the overhead and
countering process variations. This architecture ensures
monotonicity at ¢ = 0 by partitioning the design at a bit
position P that defines the LSB handled by the unary
IDAC segment. However, unlike a unary IDAC, a seg-
mented IDAC with the current-switching configuration is
susceptible to aging-induced nonmonotonicity due to the
partially binary-weighted IDAC substructure within the
architecture.
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Fig. 3. Schematic of a feed-forward equalizer (FFE) architecture.

4. FFE Circuit Structure

The feed-forward equalizer (FFE) is a multi-tap multi-level
transmit equalizer that reduces inter-symbol interference
(ISI) when data is transmitted through a wired channel.
The transmitted data bounces between two voltage levels,
vmar - and VY™, The channel is band-limited and atten-
uates the high-frequency contents of the Tx pulse causing
energy of a pulse to be dispersed over adjacent pulse po-
sitions. This energy dispersion introduces precursor ISI
and postcursor ISI to the future and past pulses, respec-
tively. An FFE counters ISI by shaping the outgoing pulse,
transmitting a weighted sum of past, present, and future
pulse(s). The weights are regulated by coefficients that can
be adjusted adaptively (e.g., during each power-up). An
automatic level control algorithm is used on the Tx side to
maintain a fixed peak-to-peak output, VI to V2Um  as
coefficients change. The core of the FFE (Fig. 3) consists
of:
Taps For each of the past, present, and future pulses that
are summed to generate the equalized pulse, the FFE has
a tap and a coefficient, ¢/, associated with it where j indi-
cates the position of the pulse. For an FFE that considers
p precursor(s), the main cursor, and ¢ postcursor(s), the
coeflicients can be represented as a vector:
C=[c?-,c -, where Z?:_p |c7| = Ctet
(29)

Here, C*" is the maximum allowable value of any tap-
coefficients. The latter condition is set to limit the maxi-
mum swing of the equalized pulse.

Delay Units (DUs) The input bit stream propagates
through a set of DUs, At, to ensure that the precursor(s),
main cursor, and postcursor(s) are fed to the FFE at the
right time. An FFE with (p 4+ ¢ + 1) taps includes (p + q)
DUs.

Differential Pairs (DPs) A set of DPs are used for each
precursor, main cursor, and postcursor, to propagate each
input bit to the channel using two complementary signals.
IDACs The IDACs convert each tap coeflicient to an ap-
propriately weighted multiple of a reference bias current,
Ipias- The weights determine the relative importance of
the main cursor, precursor(s), and postcursor(s).

Resistive load (Rjyqq) The load terminates the trans-
mission line at the transmitter side and corresponds to the
characteristic impedance of the channel. The differential
voltage drop across the resistive loads is the transmitted
signal, Dp,.

XOR gates Depending on the sign of the coefficient, de-
tected using the sgn(.) function, an XOR gate sends data
to DP for the pre/main/postcursors in either true or com-
plemented form.

The DP is driven by two complementary digital inputs.
It is relatively insensitive to aging, and only requires tran-
sistors to remain in the linear region even after aging. It is
easy to ensure this. On the other hand, the IDACs, which
translate the coefficient weights into precise analog cur-
rents, are very analog in nature, and undergo significant
aging effects.

The current-steering DAC is aging-resilient, as illus-
trated in Section 7, but, it can consume extra voltage head-
room to accommodate DPs. This limits the output voltage
swing [19], making it more susceptible to noise and per-
turbation. Hence, a current switching DAC and circuits
with similar topology, e.g., current-mode logic drivers, are
prevalent in HSLs. We will consider an FFE with a current-
switching DAC, quantifying the impact of aging on FFE
performance in Section 5, and presenting mitigation schemes
for recalibration in Section 6.

5. FFE Performance Analysis

5.1. Operation under Nominal Conditions

In the FFE, the vector of tap coefficients, C, regulates the
weights of the main pulse and its adjacent pulses to gener-
ate the equalized pulse. For this purpose, absolute values
of these tap coefficients are used in an encoded format as
inputs to IDACs to generate a set of weighted currents.
These are represented by the weight vector:

W:[prf"7107"'an]:Ibias'T'[C_p,-'-,co7-~-7cq]

Since in the ideal case, for tap 7, I, = ¢™ -7 Ipiqs (Eq. (13)),

e =T, Iyt (30)
Lot = 20 1| = Ct°t -7 Ty (31)



Fig. 4(a) shows an unequalized pulse and its equalized out-
put with a 3-tap equalizer (one precursor, one main cur-
sor, and one postcursor) at the transmitter end. Fig. 4(b)
shows the pulse responses of the unequalized and equalized
pulse of Fig. 4(a) at the receiver end: a narrower spread
of the pulse response mitigates ISI.

Coeflicient selection: Figure 5(a) shows a simplified
block diagram illustrating the tap coefficient assignment
process of FFE that includes a separate channel to commu-
nicate data back to the transmitter from the receiver [20].
To set the tap coefficients, a pulse or sequence of pulses
is generated from the transmitter and propagated through
the channel. A sample and hold (S/H) circuit samples re-
sponse of the pulse or sequence of pulses, attenuated by
the channel, at the receiver. Based on the sampled data,
a coefficient generator (CG) module at the receiver cal-
culates the optimal tap coefficients required to minimize
read failures at the receiver. These coefficients are sent
to the transmitter with an up-channel protocol [21]. At
the transmitter, a coefficient update macro (CUM) mod-
ule receives, stores, and inputs these tap coefficients to the
FFE.

The tap coefficients are determined by the CG mod-
ule using either of the following approaches [22, 23, 24]:
Lone-pulse equalization: In this process, the transmitter
generates a pulse, at the operating frequency with the
maximum allowable amplitude, V7%, on system power-

up:

Ve (t) = Vi - [u(t) — u(t = T)] (32)

Here, u(t) is the unit step function and 7T is the pulse
width.

The signal propagates through the channel, whose impulse
response is h(t), and creates a response at the receiver:

Vra(t) = (V75" - [u(t) —u(t =T)]) h(t)  (33)

where * represents the convolution operator. The receiver
samples the channel-modulated signal, Vz,. Under a fixed
equalization scheme with a given number of p past pulses
(precursors) and ¢ future pulses (postcursors) to be used,
along with the current pulse (main cursor), for equaliza-
tion, the receiver establishes the vector of tap coefficients,
C, from Vg, using an equalization algorithm, such as,
zero forcing solution (ZF'S) or minimum mean square error
(MMSE) [23].

Adaptive equalization: In this approach, the tap coefficients
are initialized to a convenient set of values, e.g., tap coef-
ficients of the main cursor and other cursor(s) are set to
the maximum and minimum, respectively [25]. Next, a
known data sequence is propagated through the channel
from the transmitter. Using the response of the known
sequence sampled at the receiver, coefficient ¢/, for each
tap j is adjusted using an error function, f., and an input
function, f;, as follows:

Cj(t + 1) = C](t) + /jffe(VRz(t) - VRw(t)) ' fi(VTac(t _JAt))

Here, V7, is the pulse amplitude of the training sequence
at the transmitter; Vg, and VRI are the actual and ex-
pected pulse amplitude at the receiver, respectively; u is
the scaling factor for tap adjustment; and At is propaga-
tion delay of a DU. For implementation simplicity, the
sign-sign least mean square (LMS) algorithm is widely
used in the adaptive equalization process: sgn(.) is used
for f. and f;.

Unlike the lone-pulse equalization process, adaptive
equalization can continue at runtime through, replacing
the training sequence with the decision of the receiver on
Vie [24].

5.2. Impact of Aging on the FFE

The tap coefficients of an FFE are determined to cancel
ISI from the data to be transmitted considering channel
characteristics, environmental conditions, and data rates.
In ideal scenario, tap coefficients, C, and the weighted
current generated from a set of IDACs using the tap coef-
ficients, W, maintain Eq. (30) which is important for effec-
tive ISI cancellation. In practical scenario, a smaller differ-
ence between the ratio among coeflicients and the weighted
current will cause better ISI cancellation. This balance be-
tween the coefficients and weighted currents can only be
maintained if all transistors, M; ;, in the current mirror
(CM) of all IDACs of the FFE age at the same rate caus-
ing identical transfer ratio, R; ;, over time (Eq. (46)). This
is unlikely to happen in an FFE with current-switching
DAC:s, since:

(i) in a multi-tap FFE, each ¢/ in C can be significantly
different from each other as these can vary in a wide range:
¢ is only limited by Eq. (29) and the range of input of the
IDAC it is associated with. For example, the tap coeffi-
cient of the main cursor is usually kept larger than the sum
of rest of the tap coefficients and assigned a value above
the center of its range, since it incorporates the weight of
the current pulse.

(ii) each bit of the encoded representation of ¢/ acts as a
input to a transistor or group of transistors that controls
activity factor of the transistor(s). Unless ¢/ is assigned to
zero or the maximum value of its range, the activity factor
of transistors in an IDAC may not be same.

As a consequence, the transfer ratio of each branch
of an IDAC may depart from ideal behavior under aging,
shifting the weight vector W of the FFE, generated from
the vector of tap coefficient, C, to:

W' (t) = [I',(t), -+ Ij(t), -, 1,(1)] (34)

As the IDAC transistors age over time, the ratio of the
coefficients keeps deviating from Eq. (30), since the output
currents of each IDAC in an FFE changes (Eq. (25)) at a
different rate. Hence,

CIL(t); Z [15(t)] # Tior (35)

Jj=-p

C—p:"':cq#llp(t):"'
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Fig. 5. (a) Conventional communication between Tx and Rx for the FFE. (b) Aging mitigation scheme with CA unit on the Rx side [11].

As a result, for a vector of tap coefficients, C, effective
equalization will continuously deviate from expected equal-
ization. We consider the two types of equalization, de-
scribed earlier in this section, to determine C:

e For lone-pulse equalization, the tap coefficients will
not change over time if channel characteristics, envi-
ronment conditions, and data rates remain unchanged.
As a consequence, the performance of FFE degrades
over time causing vertical and horizontal width of
the eye diagram at the receiver to shrink, as illus-
trated in Sec. 7, increasing bit-error rate (BER) at
the receiver.

e For adaptive equalization, the tap coefficients will
be adjusted automatically at runtime to adapt to
the change in effective equalization. However, as we
show in Sec. 7, Eq. (35) can introduce nonmonotonic-
ity in IDAC at the worst case, where an increase in
coefficient, cj, causes a decrease in output current,
I;. Nonmonotonicity in an IDAC [26] can mislead
the auto-adaptation process of tap coefficients caus-
ing performance degradation of FFE.

6. Mitigating FFE Aging

As described in Sec. 3.3, aging may induce nonidealities in
the IDAC with the current-switching topology, which can
cause the equalization quality of an FFE to drop over time,
irrespective of the coefficient selection scheme discussed in
Sec. 5.1. In this section, we discuss the limitations of ex-
isting calibration methods of IDACs and propose solutions
to counter aging-induced performance shifts over time in

an FFE, in order to maintain the standard of equalization
as the circuit ages.

6.1. Prior works

The basic approach of the calibration techniques of IDAC
is to compare the current flowing through each transistor,
Iy, with a reference current, I,..¢, and tune Ips, to Ipcr
based on the difference from the ideal value. The correc-
tion of Iy, is performed either using dynamic storage that
requires periodic refreshing or static storage that does not
require the data to be refreshed [6]. The dynamic storage-
based correction technique applied in [8, 10] uses a gate ca-
pacitance that calibrates I, through the diode-connected
configuration of M;. After calibration, M; is driven by
the gate capacitance. Such correction methodologies suf-
fer from systematic errors as the configurations M, are
not identical during calibration and operation mode. The
static-storage based technique used in [7, 9] avoids the
abovementioned systematic error by correcting I, in op-
eration mode using a successive approximation register
(SAR) and a calibration DAC. However, this technique
does not account the mismatch introduced by aging in the
asymmetric bias circuit which causes the reference current,
Iycs, to drift over time.

6.2. Proposed techniques

In this subsection, we propose a novel solution for each of
the coefficient selection processes of FFE that utilize the
equalization process itself for coefficient adaptation to min-
imize the impact of IDAC aging in an FFE. Our proposed
solutions focus on nullifying the impact of aging-induced
error in IDAC through adapting the coefficients to ensure
expected equalization. The coefficients of the FFE are



Algorithm 1 Algorithm for obtaining coefficient vector
C/
1: Input: I] ,VO<i< N, I[,V0<i<2WN=P 1, p<r<g

2: Output: Updated coefficient vector, C’
3: fort=—-p:q:1do

4 fori=0:2""P) _2:1do

5 sz = 0;

6 it (I7,, — I7,) > 0 then

T I = Iou — ItT,i; &i=1
8 end if '

9 end for

10: fori=N—-1:0:—-1do

11: &..=0;

12: if (I7,; — Iy ;) > 0 then

13: Ioue =10 — Iy s 5;,1' =1
14: end if

15: end for

16: end for

adapted in the operating mode of M; in IDAC, thus avoid-
ing systematic error suffered by the dynamic-storage based
techniques of IDAC correction. Unlike the static-storage
based calibration method, the proposed techniques also
consider aging of the bias circuit, e.g., diode-connected
transistor, M,.s. The techniques are described below:
Lone-pulse equalization: In order to achieve correct equal-
ization under aging, we must return the circuit to the orig-
inal weight vector, W. To achieve this, we dynamically
adapt the coefficients C to a new set,

C/ = I:é_p?"' 7607"' ,fq] (36)

Here, a tap, 7, controlled by a coefficient, {7, drives an
N-bit segmented IDAC that consists of a P-bit binary-
weighted IDAC and a (N—P)-bit unary IDAC with an in-
put of &7 = [¢7,&7]7, such that, & = (€500 & pols
& =60+ &1 4), where, k = 2N =F) — 2. The value of
N and P can vary from tap to tap.

Note that while Ip;,s can be used as a knob to control
L1, it is not effective against differential aging in each bit
position as it cannot control each IDAC block individually,
and the transfer ratio remains unchanged even if Ip;,s is
adjusted.

We propose a scheme to recalibrate the tap-coefficients
of an equalizer after aging that uses lone-pulse equaliza-
tion technique. Our proposed modification to the FFE
architecture is shown in Figure 5(b). We add a coefficient
adapter (CA) unit on the Rx side that maps coefficients C
to C’ before transmitting them to the CUM, which stores
and applies the tap coefficients as inputs to the IDACs of
FFE at the Tx side (Fig. 3). The CA sits on the Rx side
in order to incorporate the impact of the channel.

A key observation is that this recalibration is performed
very seldom, while the equalizer is on during the entire
operation of the circuit. Therefore, recalibrating circuitry
can be assumed to be unaffected by aging shifts. The up-
dated coefficients in C’ are determined in four steps as
follows:

Step 1: A pulse of amplitude V2% at the operating fre-
quency is propagated through the channel. The detected
amplitude of the received signal is denoted as V.** . Since

max*

the transmitted pulse drives the same load, Rj,qq, On the
Tx side, the current through the Rjoqq is i, i-€.,

an;;:z - Itot . Rload (37)

Step 2: The Tx side sends a set of one-hot-encoded input
signals for each FFE tap, also at the operating frequency.
For each tap 7, each input bit in &7 is set to 1 in turn;
all other tap coefficients are set to 0. On the Rx side, the
amplitude of the response to each signal is recorded. We
denote the amplitude for the ** bit of the binary-weighted
IDAC of tap 7 at the Tx and Rx side as V% = II;iRload

b,i,T

and V¥, respectively. Similarly, we denote the amplitude
for i*" bit of unary IDAC of tap 7 at the Tx and Rx side
as VtT)ffT = I{ ;Rioaa and ﬁi‘fT, respectively.

Step 3: Using the pulse response amplitudes in Steps 1
and 2, sampled at the Rx side, the CA calculates I;; for
the ¢*" bit of the binary-weighted IDAC of tap 7. Since
the channel is a linear system, the ratio of the transmitted
signal to the response for a fixed pulse shape is identical.

Combining this observation with Eq. (37),

T Tx Rx Tx T .
Vie, Viir Viir  Voir Ui Rioad)
~ yRz ] T VT -
Vﬂ@bgi Vb,z?:f Vfiﬁw Vmgw (If/Ot ' Rload)
. T Rz Rz
Le., Ib,i - (Vb,i;r/vmaz) “Ttot (38)

Similarly, the CA calculates I}, for the " bit of the unary
IDAC of tap 7.

Step 4: For each tap 7, the current corresponding to the
i bit flows through transistor M7 in Fig. 2. From (3), the
output current of tap 7 under the aged coeflicient vector
C is:

N-1 2(N=P)_o
Iy = [Ei:o i 2,1; + o §i Rg,z} “Tpias
N—1 2(N=P)_9
=2 im0 & Lt 2 im0 & It (39)

The CA then calculates the required weights for equaliza-
tion. The required current, I7 , for each tap 7 is deter-
mined by the CG module as described in Sec. 5.1. The
pseudocode for this purpose is shown in Algorithm 1 and
is easily implemented in the CA at the Rx end for dynamic
adaptation.

Adaptive equalization: In comparison to the lone-pulse equal-
ization scheme, the adaptive equalization scheme can au-
tomatically tune the tap coefficients to mitigate impact of
IDAC aging in an FFE as long as the IDACs show mono-
tonic behavior. However, as explained in Sec. 3.3, a seg-
mented IDAC is susceptible to aging-induced nonmono-
tonicity due to the partially implemented binary-weighted
IDAC architecture. To counter aging in an adaptive equal-
ization scheme, we propose a three step process for selec-
tion of P for the IDACs of FFE that will make them ro-
bust to aging-induced nonmonotonicity in its lifetime. The
steps are:

Step 1: In this step, the worst-case AG for each IDAC of
the FFE is estimated. To optimize the IDAC sizes in the




FFE, a designer has to estimate the range and distribution
of tap-coefficients, C, considering the channel’s frequency
response, data rate, and environmental conditions. The
distribution of C controls the activity factor, 8y, of each
transistor and can be leveraged to estimate worst-case AG
of an IDAC using Egs. (19)—(26).

Step 2: AG is set to zero through the recalibration scheme
considered for the design. In this paper, we consider two-
point calibration scheme that sets AG to zero by adjusting
I;;, of an IDAC to I, as described in Appendix B.

Step 3: For each IDAC, minimum DNL,, DNL™™", is es-
timated for all possible P with Eq. (27), where, 0 < P <
N — 1. Using the DNL™ in the range of P, select the
largest P with DNL™™ < —1 for the segmented IDAC im-
plementation to optimize the IDAC structure as well as to
avoid aging-induced nonmonotonic behavior in its lifetime.

7. Results

We apply our models to the IDACs and the FFE and
illustrate the impact of aging on performance. We also
demonstrate how our mitigation strategy can be used to
ensure correct FFE behavior over its lifetime. Our results
are based on simulations on a commercial 12nm FinFET

technology, incorporating device-level aging models from
Section 3 into HSPICE.

7.1. IDAC Analysis

Aging-induced AVy, in the FinFET, M; ;, of a current
mirror (CM) depends on its activity factor, 1. Fig. 6(a)
compares the AVi, of M,y and M;; of a CM over a
sweep of (81 at an operating temperature, T, of 105°C
with 8y = 1, i.e., the CM is always active. Transistor
aging will add a V;; mismatch of 2.75% to 6.99% be-
tween M,.; and M;; with respect to Vi, in 10 years
depending on ;. The mismatch induces an increase in
the transfer ratio, AR, ;/R; j, of M; ; over time, as shown
in Fig. 6(b) over a sweep of 31: aging can cause upto 24%
increase in the transfer ratio of M; ;. The mismatch and
transfer ratio shift are lowest for the CM in the current-
steering DAC (81 = 1). In addition, all FinFETSs in M; of
a current-steering DAC suffer identical AV, and AR as
the stress condition is identical for these FinFETs caus-
ing them to age at the same rate. This helps to reset
INL and DNL of a current-steering DAC to zero with
gain calibration (Appendix B). On the other hand, each
FinFET can have different AV, and AR (0 < 8 < 1)
in a current-switching DAC. As a consequence, gain cal-
ibration only scales nonlinearities in a current-switching
DAC, as we illustrate later in this section. Therefore, the
current-steering configuration is more aging-resilient than
the current-switching configuration. Note that the conclu-
sion regarding the current-steering DAC can be arrived at
using manual analysis, and serves as a sanity-check for our
method; the quantification for the current-switching DAC
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is nontrivial and cannot be determined through manual
analysis.

In FinFET technology, gate-length can be increased by
connecting transistors in series and keeping the same gate
connection for those transistors. Fig. 6(c) highlights the
impact of gate-length on AR; ;. Aging-induced mismatch
and the change in transfer ratio can be reduced by using
higher gate-length: a gate length of 5L, instead of Lg,
reduces AR; ; by 45.45%. Hence, IDACs with transistors
of higher gate length are more robust to aging-induced mis-
match. As before, this qualitative conclusion is consistent
with manual analysis, but a quantification of the robust-
ness requires our approach.

As explained in Sec. 3, transistor aging will degrade
the performance parameters of IDAC. Along with the en-
coding scheme and implementation topology, the extent
of degradation of an IDAC depends on the distribution
of the input code that can vary based on the application:
for a given channel, IDACs of an FFE that supports a
single data rate [27] [28] will have less variations in its
tap-coefficients compared to an FFE that supports a band
of data rate [29]. In our analyses:

e to illustrate and compare the impact of aging over dif-
ferent implementation topologies, we consider 6-bit IDAC
architecture (N = 6).

e to analyze the impact of the encoding scheme and po-
sition of segmentation in an IDAC implementation, we
sweep P. As explained in Sec. 2, the value of P in a
segmented IDAC defines the least bit position handled by
unary IDAC. For P =0 and P = N, the IDAC acts as a
unary and a binary-weighted IDAC, respectively. In prin-
ciple, an IDAC with P = N — 1, a segmented IDAC with
only one-bit for unary IDAC, has no difference from N-bit
binary IDAC. Hence, we illustrate the performance com-
parison with respect to P in the range of 0 to N — 1.

e to analyze the impact of input code distribution on IDAC
performance degradation, we consider three classes of in-
put:

(i) unvarying: the input does not vary over time,

(ii) binomially distributed: the input varies around itself
following a binomial distribution,

(iil) uniformly distributed: all possible inputs in its range
are equiprobable.

Gain: A shift in gain indicates expansion or diminution
of I, range of the IDAC causing it to deviate from the
ideal behavior. As explained in Sec. 3, M,.s of a cur-
rent mirror (CM) always ages at a higher rate than M; ;
in an active IDAC. Hence, AR; ; always increases over
time (Eq. (21)) causing the gain, G, of an IDAC to in-
crease (Eq. (26)). As M, ; in current-steering configura-
tion always goes through maximum stress, aging induces
minimum mismatch between M,.; and M; ;, as explained
above, causing minimum gain shift over time irrespective
of the input distribution.

For unvarying input, the cumulative mismatch of an IDAC
will be highest and lowest if all M; in IDAC are always in-
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active and active, respectively, irrespective of P. For an
6-bit current-switching DAC, in 10 years of continuous ag-
ing, AG can drift by 8.89% (maximum stress: ¢; = 1V0 <
i < N) to 24.26% (minimum stress: ¢; = 0V0 <14 < N), as
shown in Fig. 7(a). As all transistors in CM of a current-
steering DAC are always active, the cumulative mismatch
in transistors of a current-steering DAC is the lowest.
For a binomially distributed input, our analysis in Fig. 7(b)
shows that the maximum (minimum) AG decreases (in-
creases) by 8.08% (2.92%) if the standard deviation, o,
around an input increases from zero to 10% of all possible
inputs as a distribution around an input reduces minimum
and maximum stress possible, compared to unvarying in-
put, over the transistors of the current mirror. The max-
imum and minimum AG show negligible sensitivity to P
as shown in Fig. 7(c).
For uniformly distributed input, our study shows that AG
endures larger shift with a larger unary IDAC segment
(Fig. 7(c)). This happens due to the nonuniform aging
of transistors in unary IDAC. In binary-weighted IDAC
segment, an uniform distribution of input causes the ac-
tivity factor, 1, of all transistors to be 0.5 irrespective
of P. On the other hand, an uniformly distributed input
causes (1 of transistor M; ; in unary IDAC to decrease
linearly as 7 increases. Hence, a smaller P causes a larger
difference in aging between the i = 0 and i = 2(N=F) — 2
of unary IDAC segment resulting in a larger AG.

In modern chips, AG can be recalibrated to zero in
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IDACs by varying I;,. All FinFETs M; of the CM block
age at the same rate in a current-steering DAC as men-
tioned previously. This causes the transfer ratio of all Fin-
FETSs to remain identical, so that calibration through scal-
ing Iy, to I}, minimizes DNL and INL, explained in Ap-
pendix B. However, in a current-switching DAC, FinFET's
in the CM block can age at different rate depending on
the inputs and its architecture. Consequently, recalibrat-
ing AG to zero by varying I;, may only re-scale the DNL
and INL of a current-switching DAC. Hence, we illustrate
the impact of aging on INL and DNL over a segmented
IDAC with a current-switching configuration only, consid-
ering a two-point calibration scheme [30] that sets AG =0
at any given time, through compensating for the errors at
minimum and maximum value of c.
INL: INL at an input ¢, INL., of a DAC denotes the de-
viation of actual output from expected output at c: an
increase of |INL.| indicates a decrease in precision of a
DAC at ¢. To maintain the expected resolution of a data
converter, [INL,| is expected to be < 1LSB.
Aging-induced INL in a segmented IDAC with a current-
switching configuration depends on the difference of (;
among the FInFETSs, M, ;, of a current mirror (CM). A
smaller difference of 7 will cause a smaller difference in
mismatch, A[M;.r, M; ;], and in AR ; as a consequence.
Through the two-point calibration scheme (Appendix B),
the current through the FinFETs are scaled uniformly by
tuning I, to I/, that reduces INL.. However, such cali-
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bration only scales down INL, and has no impact on rel-
ative differences among INL, caused by aging, which only
depend on relative differences among (; of the FinFETs.
To illustrate the aging-induced INL degradation of an IDAC
in a lifetime of 10 years, we consider two parameters: max-
imum |[INL|, INL™%*  representing worst case INL and
mean |INL.|, INL™¢" representing average INL for all
possible inputs.

Unvarying input ages a subset of all FinFETs of the cur-
rent mirror (CM) only: 5y is one (zero) if ¢; is one (zero).
This causes a large induction of INL,,4., 1.7xLSB, in a
6-bit DAC in 10 years (Fig. 8(a)) if the IDAC is always
active, i.e., B2 = 1. INL™** does not depend on P of a
segmented IDAC for unvarying input as it causes aging in
the same number of FinFETs, M, ;, irrespective of seg-
mentation, e.g., an unvarying input ¢ = 33 will stress 33
FinFETs irrespective of the P of a segmented IDAC. How-
ever, this is not the case for INL™¢*" as it also depends on
the configuration of the IDAC. Our analysis shows that
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INL™e®™ decreases if P increases: a larger unary IDAC
in a segmented IDAC causes a larger INL™¢" . Fig. 8(a)
shows INL™%" and INL™¢*™ with respect to the activity
factor of IDAC, Bs, where 31 of each FinFET is determined
by c: INL™¢*" increases at a slower rate than INL™** and
decreases with an increasing P.

For a binomial distribution of the input, Figs. 8(b) and
(¢) show INL™** and INL™¢*" with a sweep over stan-
dard deviation, o, of the input. Difference of 51 among
the FinFETs, M; ;, is smaller in a distributed input com-
pared to an unvarying input causing a smaller INL™*® and
INL™e®™ with a larger o. For a given o, difference in [,
of FInFETSs are smaller among the FinFETs in binary-
weighted IDAC than unary IDAC causing it to drop at a
higher rate. This causes an smaller INL™%* and INL™®%"
for P =5 compared to P = 0.

For uniformly distributed input, INL™* and INL™¢*"™ both
decrease as P increases and become zero at P = 5, as
shown in Fig. 8(d). An uniform distribution of inputs will




set 81 = 0.5 for all FinFETs M, ; of the binary-weighted
IDAC segment that causes uniform shift of AR; VM, ;
in the segment. At P = 5, the segmented IDAC acts
as binary-weighted IDAC, hence, transfer ratio of all Fin-
FETs in the segmented IDAC will shift by the same amount
causing INL, to increase with ¢ at an uniform rate. Hence,
calibrating AG to zero also sets all INL, to zero. On
the other hand, in unary IDAC segment, ; will linearly
reduce as bit position i moves from LSB to MSB caus-
ing nonuniform AR; ; among the FInFETs. As a conse-
quence, unary IDAC segment will have nonzero INL, for
0 < ¢ < 2W=P) _ 9 even after gain calibration. A smaller
unary IDAC, larger P, will have a smaller 3; differential
between the FinFETs at 4 = 0 and i = 2N ~") — 2 causing
INL™* and INL™¢%™ to decrease with P.

The above analyses indicate that a binary-weighted IDAC

is more robust to aging-induced INL than a unary IDAC.
Hence, the IDAC applications that require high precision
over time should consider keeping a larger P for a seg-
mented IDAC design.

DNL: DNL at an input ¢, DNL,, indicates the deviation
of step size for the input ¢ from ideal step size. A posi-
tive (negative) DNL, indicates the step size at ¢ is larger
(smaller) than 1xLSB. Like INL, aging-induced DNL also
depends on the difference of 81 among the FinFETs: a
larger difference in By will cause a larger DNL.

For an adaptive equalization scheme, it is critically im-
portant that a DAC shows monotonic behavior: the analog
output always increases with the digital input. A DAC is
monotonic if DNL, > —1xLSBVe. Given an ideal seg-
mented IDAC, aging can cause negative DNL and induce
nonmonotonicity in the worst case. To demonstrate the
impact of aging on DNL, we observe the minimum DNL,
for all possible inputs, DNL™" in a lifetime of 10 years.
For unvarying input, Fig. 9(a) shows shift of DNL™" with
the activity factor of IDAC, B, for varying P. With in-
crease in P, size of the binary weighted IDAC segments be-
comes larger that opens up the possibility of larger aging-
induced DNL™¢*" in the segmented IDAC. At P = 5,
aging can cause nonmonotonicity in the IDAC even if it
is active for < 10% of its lifetime. This happens at the
mid-scale, i.e., ¢ = 32, as the input stresses the transistors
controlled by MSB only creating significant difference in
transfer ratio between M; ; of ¢ =5 and 0 <4 < 5.
For a binomial distribution of the input, DNL™™ drops
with increasing o as difference in §; decreases among the
FinFETs with an increase in distribution (Fig. 9(b)).
For uniformly distributed input, a larger unary IDAC in
the segmented IDAC causes smaller DNL™" due to its
robustness against DNL (Fig. 9(c)). However, minimum
DNL™" happens at P = N—1: when the segmented IDAC
acts completely as binary-weighted IDAC as an uniform
input to binary-weighted IDAC sets 31 of all transistor to
0.5 causing uniform AR} ;- In such case, with calibration,
DNL, for all input also turns to zero.

To summarize the impact of aging on DNL of an ideal
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N-bit segmented IDAC at t = 0: aging will induce DNL
over time and the amount of DNL™" introduced in the
IDAC will depend on P. Unless all FinFET's suffer uniform
ARQJ, which is only possible if P > N — 1 and input is
uniformly distributed, gain calibration cannot DNL™™ to
zero and fix aging-induced nonmonotonicity.

7.2. FFE Analysis

In this subsection, we illustrate the impact of aging on
different coefficient selection schemes of FFE, described in
Sec. 5.1. For this purpose, we consider a 5-to-15 Gb/s
NRZ FFE transmitter with a precursor, a main cursor,
and a postcursor operating on a channel modeled as a 12”
desktop backplane [31]. The tap adaptation ranges of pre-
cursor, main cursor, and the postcursor are 16, 64, and
32, respectively (i.e., the coefficients have 4, 6, and 5 bits,
respectively). We consider a segmented IDAC for the
tap associated with the main cursor and binary-weighted
IDAC for the rests. All IDACs are implemented with a
current-switching topology.

Fig. 10 illustrates the types of nonideality that can be
induced by aging in the IDACs of the FFE in its lifetime
of 10 years: aging can cause (a) nonuniform gain among
the IDACs of FFE caused by nonuniform aging of IDACs
due to the differences in tap-coefficients (Eq. (35)), (b)
nonideal INL and DNL, and (¢) nonmonotonicity at the
worst case due to the nonuniform aging of transistors in
the current mirror. These nonidealities degrade the equal-
ization quality of an FFE through shifting effective equal-
ization over time. Fig. 11(a) shows the shifting of weight
vector W/(t) over time due to aging if the FFE operates
at 15 GHz frequency. The tap-coefficients are determined
using lone-pulse equalization technique (Sec.5.1) and set
to C = [10,37,16] at t = 0. We also consider that tap-
coefficients varies following a binomial distribution with a
standard deviation, o, of 2.5%. Our analysis shows that
the weight corresponding to the precursor, main cursor
(P = 6), and post cursor shift —1.2%, —3.17%, +4.43%,
respectively, in 10 years. Fig. 11(b) displays the shift of
weight associated with main cursor with the position of
segmentation, P. Although, increasing P reduces INL™*
and INL™e*" (Fig. 8(b)—(c)), the reduction is not signif-
icant: at o = 2.5%, INL™%® and INL™¢*" only decrease
around 0.2xLSB if P shifts from zero to five. Hence, ef-
fective equalization shows negligible change (0.32%) in the
range of P of main cursor. Table 1 compares the horizon-
tal and vertical eye widths at ¢ = 0 and t = 10 years if
the coefficients are set using lone-pulse equalization pro-
cess: aging degrades horizontal and vertical eye width by
24.49% and 40%, respectively, in 10 years. Fig. 11(c) and
(d) show the eye diagram at the receiver end of the equal-
ized data at t = 0 and ¢ = 10 years, respectively.

Tap-coeflicients generated by the lone-pulse equaliza-
tion scheme depend on the pulse response received at the
receiver. Therefore, the scheme will generate the same
vector of tap-coefficients, C, if the operating conditions
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remain unchanged. However, as shown in Fig. 11, effec-
tive equalization will degrade over time, shrinking the eye
diagram at the receiver end. To counter this aging effect,
we proposed an addition of coefficient adapter (CA) mod-
ule at the receiver in Sec. 6 that considers IDACs aging
in an FFE and adjusts the tap-coefficients generated by
the CG, C = [10,37,16], to a new set of tap-coefficients,
C’ =[11, 39, 13], to match expected equalization as shown
in Fig. 12(a). Fig. 12(b) shows the eye diagram at ¢ = 10
years with CA: the eye to be as wide as the unaged cir-
cuit. The horizontal and vertical eye widths at ¢ = 10
years with CA module are included in Table 1. The bath-
tub curve of (Fig. 12(c)) shows that after calibration, the
BER improves back to the t = 0 level.

Table 1: Eye diagram comparisons of data at the receiver end at
15 GHz operating frequency with lone-pulse equalization

Eye diagram —0 t = 10 years, | t = 10 years,
widths E=0years | Githout CA | with CA
Horizontal (ns) 49 37 49
Vertical (V) 0.10 0.06 0.10
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An FFE with an adaptive equalization scheme will au-
tomatically readjust the coefficient from C to C’ if effective
equalization changes due to aging, unless aging causes non-
monotonicity in any of the IDACs of FFE. However, as we
proposed in Sec. 6, induction of nonmonotonicity can be
avoided with proper selection of P of a segmented IDAC.
To demonstrate this, we consider the FFE operation at a
5 GHz frequency that requires C to be at [2, 51, 10] for op-
timum equalization of transmitting data. Fig. 13(a) shows
how DNL™™ of the main cursor changes with P. Aging
due to the tap-coefficients for optimal equalization at 5
GHz can induce nonmonotonicity in IDAC associated with
the main cursor in the lifetime of FFE if P > 4. Fig. 13(b)
shows the dynamic of DNL™" shift over the lifetime of
FFE. At P = 4, nonmonotonicity can be induced in the
IDAC at around five years. Fig. 13(c) shows DNL, at each
input ¢ of the main cursor at t = 5 years. Operating at
5 GHz can causes nonmonotonicity at ¢ {16, 32, 48}.
As explained in Sec. 5.1, tap-coefficients are initially set
to minimum or maximum value in the adaptive equal-
ization process. With aging-induced nonmonotoncity at
¢ = {16, 32,48}, the adaptive equalization process will fail



t = 10 years Il Without CA
=25 EEWith CA
6017 = 105°C 37 22
S s
Z40 o
E £
2 2

107

Precursor

Main cursor  Postcursor

Taps

(@

40

Time (ps)
(b)

02 04 06

Time (UI)
(©)

08 1

60 80

Fig. 12. (a) Comparison of effective equalization of FFE (IDACs in a current-switching configuration) with and without CA module (Fig. 3)
after 10 years (respective tap-coefficients are shown at the top of each bar), (b) recovered eye diagram of Fig. 11(b) after coefficient adjustment

by CA module, (¢) BER comparison.

to reach optimal tap-coefficient for the main cursor if op-
erating frequency changes after five years and the optimal
tap-coefficient of the main cursor lies in the range of 17
to 47, e.g., if the operating frequency switches to 15 GHz,
adaptive equalization may fail to reach optimal coefficient
required for the main cursor. This scenario can easily be
avoided if P of the main cursor is set to three, as this will
not induce any nonmonotonicity in the lifetime of FFE.
Table 2 compares the horizontal and vertical eye widths at
t = {0,5} years with P = {3,4} at 15 GHz operating fre-
quency considering the FFE operated at 5 GHz frequency
continuously for five years.

8. Conclusion

The paper has presented a modeling study of the impact
of mismatch in IDACs, and has demonstrated its applica-
tion in the analysis of an FFE. Two novel schemes, one
for each of two coefficient selection process for the FFE,
are presented to counter the impact of IDAC aging. These
schemes are shown to be effective against aging-induced
FFE performance degradation. Since an IDAC is a com-
monly used building block in a number of larger circuits
and systems, our IDAC aging analysis methodology can
potentially be applied to a variety of other applications.

Appendix

A. Proofs of FFE Degradation Results

Impact of Mismatch on Circuit Voltages We first
analyze the impact of aging-induced mismatch on IDAC
performance. For a FinFET M; ;, we denote the shift in
threshold voltage due to time-dependent aging as AV;; ar

57

Table 2: Eye diagram comparisons of data at the receiver end at
15 GHz operating frequency with adaptive equalization if the FFE
initially operates at 5 GHz for five years

Eye diagram f=0 t =5 years, | t = 5 years,

widths VYOS | with P=4 | with P =3
Horizontal (ns) 49 33 49
Vertical (V) 0.10 0.05 0.10

15

similarly we define AVyy ar,., for the reference transistor,
M;ey. Thus, for any transistor M,,

AVinm, = Vinna, = Vin (40)

where V;,,, was defined earlier as the nominal threshold

voltage. For a fixed I;,, as the diode-connected M, s is

in saturation, any change in V;;, results in an equal rise in
b

Vas M,y = Vos iy, = Vo + AVin o, (41)
Combining this with Eq. (40), we have:
VasMyey — VinMey = Vo — Vi (42)

For all FinFETs of an ON transistor M; (with ¢; = 1),

Vasmi; = Vas,.; and Vps v, = Va (43)
The latter relation arises because these FinFETs operate
in the linear region, and V4, shift has a negligible effect on
the drain voltage. From Egs. (40), (41), and (43),

Vasi; — Vinor,; = Vo + AVinoag,. ;) — Vinw + AVinoar, ;)

= (Vo = Vinu) + AlMyep, My 5] (44)

where A[M,.f, M; ;] is the V;; mismatch, as defined ear-
lier.

Building upon the above ideas, we now present proofs of
the results shown in Section 3.2.

FinFET transfer ratio: When the FinFETs age nonuni-
formly, we combine Egs. (8), (41), (42), (43), and (44), to
obtain the the transfer ratio for FinFET M ; as:

]r {1+/\(

Rearranging this and, for small perturbations, using a Tay-
lor series approximation for the first term,

A[Mrefa Mi,j
(VL - Vth,u)

14+ A\Vy
Vo + AVinu,. ;)

I
Rij= |1+

;o N T
Ri,j = (1 + CkKlA[MrefaMz,J]) |:1 ¥ KQA‘/th,M,-ef]
(45)
%T(l—f—OéKlA[MrefaMiJ]) (46)
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Here, r is as defined in Eq. (9), K1 = 1/(Vs, — Vin,pu),
Ky = \/(1 4+ A\V,), The last approximation arises by set-
ting 7 = r/(1 + K2AVin n,.,) = 7 because both Ko
and AVip ar,., , are small. For a representative technol-
ogy, A = 0.3, Vi, = 0.35, V3 — Vi3, is 100mV~200mV,
AVip ~ 100mV. Thus, KoAVy ar,, ,~0.029<1.

From Eq. (9), AR} ; = aK17A[M;cr, M; ;].
Transfer ratio i-th tran31stor. For the P-bit binary-
weighted IDAC (0 <i < P):

Rii =iy Riy=r 305" (1+ aKiA[Mrey, Mi )

=20+ aKir Y0 g AlMyep, Mi ) (47)

For the (N — P)-bit unary IDAC (0 < i < 2(N=F) 1), each
bit controls 2F transistors irrespective of the bit position
1. Hence, for unary IDAC:

-
Rii =i Rij= 7"22 o (L+aK A[M,ep, M; ;)
=2F . r oK r Zj:O AlM,es, M; ;] (48)

From Egs. (10), (11), (47), and (48), we can get Eq. (22)
and (23) for the N-bit segmented IDAC.

Finding I,,;: From Eq. (1), for P-bit binary-weighted
IDAC,

= Iy, Z -0 Cb zR;; i (49)

2), and (47), I!

out

Together with Eq. (4), (2
weighted IDAC:

Imz 0 cbz-(2’ 7“—|—aK1rZ A_IA[ Myey, M;, })

= Iin (e 7+ aBar oI 00 0050 AlMyey, Mi])

for the binary-

out

— I (cb P cb,iA’Rgm-) (50)
Similarly, I, for (N — P)-bit unary IDAC:
Lin, (Ct T+ 22(N Y2 Ct,iARé,z) (51)

Combine Egs. (13), (50), and (51) to get Eq. (25).

Gain: For the N-bit segmented IDAC, we set ¢, ; =1V i
and ¢;; = 1V i in Egs. (50) and (51), respectively, and
add them to obtain the full-scale current after aging, I}¢:

P-1
Ii” ( p e+ Zz 0 AR;; z)
I (maz T+Z( -P_2

_ (N—
=Ips+ILin (Ziol ARy + Z?:o

AR;,)

TTAR) (52)
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ax max

where ¢ and c¢;"** represent maximum value of ¢, and
ct, respectively, such that, ¢ = ¢'*" + "% = 2N 1.
Eq. (52) can be used to obtain gain of the N-bit segmented
IDAC after aging:

Irg I

=G+ AR

(53)

G' =

P-1 2V
1 (Xizo ARZ,i + im0

Cmam

From Eq. (53), we obtain Eq. (26).

DNL: Shift in the DNL for the segmented IDAC for an
input ¢ will depend on the cumulative shift of output cur-
rent of the binary-weighted IDAC and unary IDAC when
input moves to ¢ from (¢ — 1).

DNL, = (I.
e,

- Ic—l) -T- Izn
- I(cfl)b] + [Ict

Using Eq. (50) for the binary-weighted IDAC,

= _I(cfl)t] —T-Im (54)

ch - I(c—l)b

= Iin ([ev = (= o] -7+ S5 (e — (e = o] AR},

(55)
Similarly, for the unary IDAC,
Im, - I(c—l)t
= Iin ([Ct -

o(N—=P)_o

(=1 -+ X5 e — (e = D] AR

(56)

For the N-bit segmented IDAC, step size in ideal case:

Io—1.1 = ch + Ict - [I(cfl)b + I(cfl)t]
=Tin-r([cs + ] = [(c=1)p + (¢ =1):]) (57)
As step size for the IDAC in ideal case is r - I;;,, from
Eq. (57):
[eco+e] —[(c=1p+(c—1)] =1 (58)
Combining Egs. (3), (54), (55), (56), (57), and (58), we
obtain:
DNLc = I;n Y10 [ens — (¢ — 1)) AR} +
2(N=P)_9
> leni— (e— 1wl AR}
i=0



INL: Using Egs. (50) and (51), the output current from
the segmented IDAC for an input ¢, I, can be calculated
as:

Lo [ (e 7+ XI5 iRy ) +
o(N=P)_

(Ct T+
o(N-P

P—
=TI (c cr 4 Zi:ol cbﬂ-ARg’i +> o

2 cmARQ’i)}

-2 Ct,iAR%ﬂ)
(59)

Following Eq. (59):

—P)

INL, = Lin (X5 00,i0R, + X002 eiARy,)

B. Calibrating Gain of IDAC

Comparing Eq. (53) with (14), G’ > G as R, > R;. In
this case, AG, DNL,, and INL, can be calculated using
Eq. (26), (27), and (28) respectively. To set G' = G, I,
can be calibrated to I/, such that:

N-1 N-1 N-1

I ~ o R
> ILRi=> LipRi= 2= 2o Ri (60)
=0

I N-1 1
i=0 v Zi:O R;

For a current-steering DAC, all M, ; face identical stress
condition: Vgs ar, ; = Vi, and Vpg ur, ; = V. This causes
an identical mismatch, A[M,.z, M; ;], hence identical R;j
as a consequence (Eq. 46) in all M; ;V0 <i < N,0<j <
2¢. From Eq. (60), G’ can be set to G in a current-steering
DAC by recalibrating I/, as following:

I, (2N —1)-Ri, roI
“ino— 22 7 ) I = tn 1

After such recalibration in a current-steering DAC, DNL,
and INL, for any c also go to zero:

DNL, = (Io — Iom1) =7 Ly = R} I — 7 Ly = 0

INLc:IC—c-T-Im:c-R;’j.]gn—c-T-Im:O

In a current-switching DAC, stress condition of each M;
varies depending on ¢; (Section 2). Hence, R] ; corre-
sponding to each M;,0 < i < N can be different. As a
consequence, tuning I, to I, to set G’ = G in a current-
switching DAC may not set DNL, and INL, to zero for all
c.

References

[1] M. Sorna, et al., “A 6.4 Gb/s CMOS SerDes Core with Feed-
forward and Decision-Feedback Equalization,” in Proceedings
of the IEEE International Solid-State Clrcuits Conference,
pp- 62-585, 2005.

[2] P. Chiu, et al., “A 65-nm 10-Gb/s 10-mm On-Chip Serial Link
Featuring a Digital-Intensive Time-Based Decision Feedback
Equalizer,” IEEE Journal of Solid-State Clircuits, vol. 53, no. 4,
pp. 1203-1213, 2018.

(3]

[10]

[11]

[12]

[13]

21]

[22]

[23]

[24]

S. Parikh et al., “A 32Gb/s wireline receiver with a low-
frequency equalizer, CTLE and 2-tap DFE in 28nm CMOS,”
in Proceedings of the IEEE International Solid-State Circuits
Conference, pp. 28—29, 2013.

S. V. Bussche, et al., “Impact Analysis of Stochastic Transis-
tor Aging on Current-Steering DACs in 32nm CMOS,” in Pro-
ceedings of the IEEE International Conference on FElectronics,
Circuits, and Systems, pp. 161-164, 2011.

N. K. Jha, et al., “NBTI Degradation and Its Impact for Analog
Circuit Reliability,” IEEE Transactions on Electron Devices,
pp. 2609-2615, 2005.

“CMOS DAC Chapter.” available at https://wiki.analog.
com/university/courses/tutorials/cmos-dac-chapter.

D. Mercer, “A Low Power Current Steering Digital to Analog
Converter in 0.18u CMOS,” in Proceedings of the ACM In-
ternational Symposium on Low Power Electronics and Design,
pp. 72-77, 2005.

D. W. J. Groeneveld, et al., “A Self-calibration Technique for
Monolithic High-resolution D/A Converters,” IEEE Journal of
Solid-State Circuits, vol. 24, no. 6, pp. 1517-1522, 1989.

W. Schofield, et al., “A 16b 400MS/s DAC with{-80dBc IMD
to 300MHz andj-160dBm/Hz Noise Power Spectral Density,”
in Proceedings of the IEEE International Solid-State Circuits
Conference, pp. 126-482, 2003.

H. Liu, et al., “A 0-dB STF-Peaking 85-MHz BW 74.4-dB
SNDR CT AYX ADC With Unary-Approximating DAC Calibra-
tion in 28-nm CMOS,” IEEE Journal of Solid-State Circuits,
vol. 56, no. 1, pp. 287-297, 2020.

T. Dhar, et al., “Aging of Current DACs and its Impact in
Equalizer Circuits,” in Proceedings of the IEEE International
Reliability Physics Symposium, pp. 1-6, 2021.

P. Horsky and I. Koudar, “Monotonic Precise Current DAC,”
April 2006. US Patent 7,026,971.

B. Razavi, “The Current-steering DAC [A Circuit For All Sea-
sons|,” IEEE Solid-State Circuits Magazine, pp. 11-15, Jan.
2018.

R. J. Baker, CMOS: Circuit Design, Layout, and Simulation.
New York, NY: John Wiley and Sons, 2019.

Z. Yu, et al., “New Insights Into The Hot Carrier Degrada-
tion (HCD) in FinFET: New Observations, Unified Compact
Model, and Impacts On Circuit Reliability,” in IEEE Interna-
tional Electronic Devices Meeting, pp. 7-2, 2017.

U. Sharma and S. Mahapatra, “A SPICE Compatible Compact
Model for Hot-carrier Degradation in MOSFETs under Differ-
ent Experimental Conditions,” IEEE Transactions on Electron
Devices, vol. 66, pp. 839-846, Dec. 2018.

A. Bravaix, et al., “Hot-Carrier Acceleration Factors for Low
Power Management in DC-AC Stressed 40nm NMOS Node at
High Temperature,” in Proceedings of the IEEE International
Reliability Physics Symposium, pp. 531-548, 2009.

N. Pande, et al., “Investigating the Aging Dynamics of Diode-
connected MOS Devices using an Array-based Characterization
Vehicle in a 65nm Process,” in Proceedings of the IEEE Inter-
national Reliability Physics Symposium, pp. 1-6, 2019.

M. Meghelli, et al, “A 10Gb/s 5-tap-DFE/4-tap-FFE
Transceiver in 90nm CMOS,” in Proceedings of the IEEE In-
ternational Solid-State Circuits Conference, pp. 213—222, 2006.
J. T. Stonick, et al., “An Adaptive PAM-4 5-Gb/s Backplane
Transceiver in 0.25-um CMOS,” IEEE Journal of Solid-State
Circuits, vol. 38, pp. 436—443, 2003.

T. Beukema, et al., “A 6.4-Gb/s CMOS SerDes Core With Feed-
Forward and Decision-Feedback Equalization,” IEEE Journal
of Solid-State Circuits, vol. 40, pp. 2633-2645, 2005.

S. H. Hall and H. L. Heck, Advanced Signal Integrity for High-
speed Digital Designs. New York, NY: John Wiley & Sons,
2011.

J. G. Proakis and D. G. Manolakis, Digital Signal Processing:
Principles, Algorithms and Applications. Upper Saddle River,
NJ: Prentice Hall, 2007.

P. K. Hanumolu, et al., “Equalizers for High-Speed Serial
Links,” International Journal of High Speed Electronics and



(28]

Systems, vol. 15, no. 02, pp. 429-458, 2005.

V. Stojanovic, et al., “Autonomous Dual-mode (PAM2/4) Serial
Link Transceiver with Adaptive Equalization and Data Recov-
ery,” IEEE Journal of Solid-State Circuits, vol. 40, pp. 1012—
1026, 2005.

W. Kester, “The Importance of Data Converter Static
Specifications—Don’t Lose Sight of the Basics!,” Analog Devices,
Tutorial MT-010, 2009.

L. Wang, et al., “A 64-Gb/s 4-PAM transceiver utilizing an
adaptive threshold ADC in 16-nm FinFET,” IEEE Journal of
Solid-State Circuits, vol. 54, pp. 452-462, 2018.

J. Kim, et al., “A 112Gb/s PAM-4 transmitter with 3-Tap FFE

18

in 10nm CMOS,” in Proceedings of the IEEE International
Solid-State Circuits Conference, pp. 102—104, 2018.

M. S. Jalali, et al., “A 4-Lane 1.25-t0-28.05 Gb/s Multi-
standard 6pJ/b 40dB Transceiver in 14nm FinFET with Inde-
pendent TX/RX Rate Support,” in Proceedings of the IEEE In-
ternational Solid-State Circuits Conference, pp. 106-108, 2018.
“Calibration: Two-Point Approach.” available at https://
training.ti.com/lessons-precision-dacs-calibration.
“B12 channel.” available at http://ece.tamu.edu/~spalermo/
ecen689/peters_01_0605_B12_thru.s4p.



