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ABSTRACT Recently published CMOS optical receivers consist of a limited-bandwidth first-stage
transimpedance amplifier (TIA) followed by an equalizer. Limiting the TIA’s bandwidth improves the
gain and reduces the noise but introduces a significant inter-symbol interference (ISI) that is dealt with
by the subsequent equalizer. Continuous-time linear equalizer (CTLE) is a commonly used equalizer in
both electrical and optical links. However, recent research reported different findings about CTLE-based
optical receivers. Some research papers concluded that CTLEs boost high-frequency noise compared to a
full-bandwidth design. Other publications reported that high-frequency noise remains unaffected while white
noise is significantly reduced. This work aims to solve this discrepancy by presenting an accurate analysis
for CTLE-based optical receivers considering noise, gain, and jitter. We show that the noise performance
depends on the pole/zero locations of the limited-bandwidth (LBW)-TIA and the follow-on equalizer.
A properly designed CTLE-based receiver achieves a 2.5x higher gain and a 1.74x better noise than the
full-bandwidth design. The CTLE is also compared to the well-known decision feedback equalizer (DFE).
The noise performance of the CTLE-based receiver lies between that of finite and infinite impulse response
DFE-based receivers but achieves better gain than both architectures.

INDEX TERMS Optical receiver, equalizer, transimpedance amplifier, noise, jitter.

I. INTRODUCTION

The increasing demand for bandwidth-intense services such
as social networks, online high-definition video streaming,
video conferences, online games, mobile internet, and
cloud-based storage has caused an exponential growth in
internet traffic. Consequently, electrical interconnects in
data centers are being replaced by optical interconnects as
the former suffer from crosstalk and frequency-dependent
losses that increase with speed and distance. In optical
links, the transmitted optical modulation amplitude (OMA)
must be sufficiently large that despite coupling and fiber
losses, the received optical power exceeds the receiver’s
sensitivity limit. Therefore, receiver sensitivity is a crucial
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performance metric. However, the design of high-sensitivity
optical receivers in scaled CMOS technologies is challenging
due to smaller intrinsic gain and more noise compared to
SiGe BiCMOS technologies [1], [2].Traditionally, receiver
front ends (FEs) are designed with wide bandwidth to
support higher data rates. This wide bandwidth directly trades
off with the transimpedance gain of the FE [1], [2], [3].
To relax this trade-off, optical receivers with intentionally
reduced bandwidth are becoming commonplace. Reducing
the bandwidth of the first stage transimpedance amplifier
(f774) to less than half the targeted data rate improves
both gain and noise performance. However, the reduced fr;4
introduces inter-symbol interference (ISI) which closes the
output eye diagram. Therefore, ISI must be dealt with by a
subsequent equalization. Linear and non-linear equalization
approaches have been recently used to remove ISI [4], [5],
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FIGURE 1. General block diagram for all receiver front ends with noise
sources and noise transfer functions indicated.

[6], [7], [8], [9], [10]. Non-linear techniques such as decision
feedback equalizers (DFEs) noiselessly remove the ISI but
suffer from a timing constraint that limits their speed and
increases design complexity at high data rates [4], [5], [6].
Linear approaches such as continuous-time linear equalizers
(CTLE) and feedforward equalizers (FFEs), on the other
hand, do not suffer from time constraints but significantly
impact the noise [7], [8], [9], [10].

Several publications have studied the impact of linear
equalization on the noise performance of optical receivers
[4]1, [9], [10], [11], [12]. For example, the analysis in [4]
claims that CTLEs boost high-frequency noise. The same
claim is also made in [12] for FFEs. In contrast, the study
in [9] and [11] suggests that colored noise remains the same
while white noise significantly reduces compared to the full-
bandwidth design. This paper aims to solve this discrepancy
by identifying the conditions that make linear-equalizer-
based receivers achieve either better, worse, or the same
noise performance as the classical full-bandwidth design
and intuitively explain this performance. This paper focuses
on continuous-time linear equalizer (CTLE)-based receivers,
but the presented methodology also applies to FFE-based
receivers.

The rest of this paper is organized as follows: Section II
presents the methodology of noise calculation. The conven-
tional full-bandwidth receiver that is used as a reference
design for comparison is discussed in Section III. Section IV
considers several designs for CTLE-based receivers and
compares their performance with the reference design.
Section V discusses the role of the CTLE in electrical and
optical links and compares CTLE-based with DFE-based
optical receivers. Finally, Section VI concludes the work.

Il. METHODOLOGY OF NOISE CALCULATION

FIGURE 1 shows a generalized block diagram for all front-
end used in this work. The block diagram in FIGURE 1
consists of a shunt-feedback (SF) transimpedance amplifier
(TIA) and a subsequent stage Hpos(s). The SF-TIA is
either operated in the full-bandwidth (FBW) mode or in the
limited-bandwidth (LBW) mode. Hp,y(s) is realized by a
buffer, a main amplifier (MA), or an equalizer, depending on
the mode of operation. This section presents a generalized
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FIGURE 2. Inverter-based TIA (a) circuitry (b) small-signal model.
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analysis that applies to both the conventional and the
equalizer-based receivers.

A. SHUNT-FEEDBACK TRANSIMPEDANCE AMPLIFIER

The SF-TIA exhibits superior noise performance and can
operate with a smaller voltage supply compared to the
well-known common-gate (CG)-TIA. Therefore, the SF-TIA
has become the dominant topology in advanced CMOS
technologies. The SF-TIA is extensively employed in recent
research where it is operated either in the FBW mode
followed by a multi-stage main amplifier [13], [14], [15], [16]
or in the LBW mode followed by an equalizer [4], [9], [17],
[18]. The CMOS-inverter-based (Inv)-TIA in FIGURE 2(a)
is the most common implementation of the SF-TTA thanks
to its high transconductance resulting from current reuse,
high intrinsic gain even in scaled CMOS technology, and
its ease of design. The small-signal model of the Inv-TIA
is shown in FIGURE 2(b). In the model, C;, is the sum
of gate-to-source capacitance Cgg, photodiode capacitance
Cp, and pad capacitance Cpqq, respectively. Cr is the gate-
to-drain capacitance Cgp. Cr is the sum of the drain-to-
bulk capacitance Cpp and the loading capacitance from
the subsequent stage Cyexr. &m.ric and R, are the combined
output resistance and transconductance of the NMOS and
the PMOS. Ry is the feedback resistor. Considering this
model, the Inv-TIA exhibits a second-order transfer function
Z7iA (s) that is characterized by a low-frequency gain of
Rr14.0, an oscillation frequency wrya, and a pole quality factor
Q74 that can be written in circuit parameters as

gm,tiaRa
Rria0 = — T+ Aq Ry (L.a)
1+ 8m tiaRa

2 ,
W2, = (1.b)
TiA RfR, (CrCL + CiyCp + CrCiy)

R Ra (1+ &m iaRa) (CrCr + CinCr + CrCin)

RrCr (1 + gmiiaRa) + RaCr + (Rr + Ra) Cin
(1.0)

Several parameters in this model are coupled. For example,
8m.tia» Cis, and Cgp are coupled by the technology transient
frequency, fr. Also, R, and g s, are coupled by the gain
Ao = gmiiaRs- It should be noted that fr and Ao are
fixed for a given technology, aspect ratio, and biasing
condition. Table 1 summarizes initial values, bounds, and the
relationships between coupled parameters. The design space

Oria =
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TABLE 1. TIA's parameters.

VALUES AND
Parameter DESCRIPTION COMMENT
BOUNDS
frit Data rate 25 Gb/s
Transit frequency Based on
fr at the selected 5 X fpie simulation in
biasing. TSMC-65 nm.
. The Inv-TIA is
Ay Inverter DC gain 6 V/V biased at Vpp /2.
i Combined 10mS- Design variable
Gmitia transconductance 100 mS g
TIA output
Ra resistance Ao/ Gm.tia
f Core-amplifier’s 1
A open-loop pole (2mR,Cy)
Ry Feedback resistor 10 Q-5 kQ Design variable
Total gate
Co capacitance gm/@1fr)
gate-to-source
Cos capacitance 46e/5 Based on
sate-to-drain simulation in
Cya capacitance Cy/5 TSMC-65 nm
Con Photqdlode 60 fF
capacitance
Cpap Pad capacitance 40 fF
Input capacitance
Cnext of the next stage 25 IF

25

N
=

-
(%]

TIA Bandwidth (GHz)
>

(5]

0 0.5 1 1.5 2
Feedback Resistor (k(2)

FIGURE 3. TIA's 3dB bandwidth as a function of the feedback resistor for
various values of the transconductance.

is now defined by gy i« and Ry which are swept to plot the
TIA’s 3 dB bandwidth as shown in FIGURE 3. The plot
shows that for a given bandwidth, Ry needs to be reduced
toward large g siq. For a given g, s, (and hence a give power
dissipation), the bandwidth drops toward larger Ry (i.e., larger
gain). The gain-bandwidth trade-off is further investigated in
Section IV to find the optimal TIA’s bandwidth considering
both noise, ISI, and jitter.

B. NOISE ANALYSIS

The main noise sources are depicted in FIGURE 1. The
TIA’s channel and feedback thermal noise sources are shown
in FIGURE 1 as I2 ., and I? w.rp» Tespectively. The power
spectral densities (PSDs) of these two sources are expressed
as: 12 = 4kT y gm.ria and In’RF = 4kT /Ry, where v, T,

n,ch
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and k are the excess noise factor, temperature in Kelvin,
Boltzmann constant, respectively The subsequent stage has
an input-referred noise PSD of V? post = 4KT [ 8m,post, Where
8m,post 18 the transconductances of the input devices. Each
noise source sees a different transfer function to the output as
indicated in FIGURE 1 by Z(f), Z2(f), and Z3(f). Therefore,

the output squared noise is expressed as

o0
Vige = I2gs / \Z0(F) 2 df (2.a)
0
o0
Voo =1r o / \Zo(F)1* df (2.b)
0
o0
Vnzpost out = Vnz,post / |Z3(f)|2df (2.0)
0

where, Vn% Rf Vnz’ Rf and Vn gy are the output noise power in
(V2) due to the feedback resistor, channel, and the subsequent
stage, respectively. These analyses are explained as follows:
the noise from Ry directly referrers to the input so that it is
amplified to the output through the transfer function of the
overall FE Z(f) = Z7ya (f) pr,(f). The channel noise I:ich
is first converted into voltage by the output impedance of the
TIA Zyu(f), then amplifier to the output through Hpps (f),
leading to Z>(f) = Zow: (f ) H post(f ). The input-referred noise
voltage of the subsequent stage is amplified to the output by
its transfer function. That is, Z3(f) = Hpoy(f). The input-
referred noise power in (A?) is calculated by refereeing the
output noise power to the receiver’s input by an appropriate
gain.

C. INPUT-REFERRAL GAIN

The output noise power can be referred to the input by
the midband value of the front-end’s amplitude response
Zreo = Zria (0) H s (0) only if the FE’s bandwidth is
sufficiently wide to introduce a negligible ISI. When the FE’s
bandwidth is reduced relative to the data rate, the signal sees
a gain of less than Zpg ¢ due to the closure in the output eye
diagram caused by the ISI. Therefore, the output noise needs
to be referred to the input by the same gain seen by the signal
to attain equal output and input signal-to-noise ratios (SNRs)
[11], [19]. That is,

2 ~ 22
SNR __ Usignal l2p x gain
out Vn2 Vn2
i2 2
pp P
= " _sNR (3
Vnz/galn % in

where iy, is the peak-to-peak value of the input current pulse.
Vn2 and i;; are total output noise power and the total input noise
power, respectively. The “gain” in (3) is the effective gain
calculated from the pulse response of the overall FE [11].
In FIGURE 4, the FE’s response to an input pulse r (¢) is
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FIGURE 4. Pulse response analysis for effective gain and jitter calculation.

h (t). The input current pulse is characterized by a peak-to-
peak value of iy, and a width of a unit interval UI, where
Ul = 1/fpi;. Due to bandwidth limitations, 4 () cannot
settle at i,,Zrg 0. h(t) also lasts for several Uls, causing
interference with neighboring pulses. The signal x (¢) is an
isolated binary one transmitted in a sea of binary zeros.
Assuming a linear time-invariant (LTI) operation, y (¢) shows
the FE’s response to the signal x (7). y (¢) is called the pulse
response and is formed by superimposing, in time, the FE
response for each bit in the sequence x (7).
The ISI is quantified by sampling y (¢) at the rising edges
of a baud rate clock relative to its peak (filled marker points).
This results in a discrete-time sequence Vy, given by
Vy,m =y (mT}p) for m ranging from —oo to +oo. The sample
at m = 0 (i.e, at the peak of the pulse) is denoted as
the main cursor sample V0. The ISI samples (Vy, u-20) are
destructively added to Vo, closing the vertical eye opening
(VEO) to
(0.¢]
VEO=Vyo— D [Vil “)
m= —o0
m#0
An effective gain can be calculated from this VEO as
Zoy = VEO / ipp- This gain is used in noise calculations when
the ISIis not eliminated or is only partially eliminated. There-
fore, input-referred noise powers due to the feedback resistor,
channel, and the subsequent stage are calculated as iﬁ, Rf =

2 2 2 _ 2 2 2 _ 2 2
Vn,Rf/Zgﬁ’ ln,ch - Yn,ch/zq)j‘" and ln,post - Vn,post,out/zeﬁ"
respectively. All noise sources are uncorrelated. Therefore,
the total input noise power, i%, is the sum of noise powers

from all individual contributors.
2 _ 2 2 2
In = InRf + Ln,ch + In,post Q)]

The rms input-referred noise, i, yms, is the square-root of i,21.
This methodology of noise calculation, first, accounts for
how the stage following the TIA processes the noise of
each contributor. Second, the methodology accounts for the
residual ISIin the effective gain calculation which is normally
less than the low-frequency gain. In the following sections,
this methodology is used to explore the noise performance of
various receiver architectures. In simulations that follow fp;;,
ipp» &m,post> and y are fixed at 25Gb/s, 10 uA IOmQ’l,
and 2, respectively.

pp’
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FIGURE 5. Performance of the FBW FE with buffer (a) the input-referred
current for various values of f 774 /fpi; (b) Minimum i, and JI as a
function of f7y4 /f piy-

D. JITTER

Jitter is defined as the deviation of zero-crossing points of
the data from their ideal position in time. These points are
aligned with falling edges of the clock. Therefore, the output
pulse y (¢) in FIGURE 4 is also sampled at the falling edges of
a baud rate clock relative to its peak (hollow marker points).
The sum of the magnitude of these samples relative to the
pulse peak is considered a jitter indicator (JI). The defined JI
accounts only for the deterministic jitter caused by ringing in
the time domain or residual ISI [20].

IIl. REFERENCE FULL-BANDWIDTH DESIGN

To assess the performance of CTLE-based receivers, it must
be related to a reference design point of the conventional
design approach.

A. FULL-BANDWIDTH FE WITH BUFFER
In this front-end, Hpoy (s) is implemented by a unity gain
infinite bandwidth buffer. i, ,,s of this FE is shown in
FIGURE 5(a) for various values of f774 /fpi;- fr1a is varied by
sweeping g, sie and Ry. The minima points in

FIGURE 5 (a) are extracted and plotted along with
the jitter indicator (JI) in FIGURE 5(b) as a function of
J11a/fpir- The noise reaches a minimum value of 2.5 A ¢
at frja = 0.32f ;. The JI at this point is only 5.5%. Further
reducing frj4 below the optimal value results in ISI and
jitter that degrade the noise due to the reduced effective
gain. A larger than optimal f7;4 increases the output-referred
integrated noise voltage also degrading the noise. Frontend
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TABLE 2. Front-end summary for optimal noise performance.

Full-Bandwidth FE

Limited-Bandwidth FE

Joie = 25 Gb/s With Buffer With MA Complex-zero Complex-zero Single-zero CTLE
(Reference design) CTLE: case 1 CTLE: case 2 (Best performance)
Transconductance _ Imtia = 20. mS and g pose = 10 mS R .
Both are fixed for fair noise comparison under a constant power dissipation constraint.
fria =032 X fy; =032 X f;
Bandwidth allocation fouffer = ];:;: =0.67 X /]%it };cT'A f g 3:} 26 : ]]:b,it ];cTIA _= (()) 116 : ]}ccb?t ];cTIA _= (()J i:? : }:b,it
fFE — 032 X fbit fFE =0.31 X fbit FE — Y- bit FE — Y-+ bit FE — Y-+ bit
Ry (k) 0.861 0.861 1.809 1.809 1.809
Qria 0.505 0.505 0.402 0.402 0.402
JI 5.5 % 4.8 % 5.56 % 4.8 %
Effective Gain (kQ) 0.455 1.137 0.987 1.126 1.153
frms (WA rms) 257 1.68 242 1.85 1.474
iTZL’Rf (A?/Hz) 4.3615¢-13 5.5721e-13 2.0766¢-13 1.8661e-13 1.8122¢-13
i2 ., (A%2/Hz) 3.6276e-12 1.8440e-12 3.3637e-12 2.2071e-12 1.6622¢-12
i2 post (A?/Hz) 2.5413e-12 4.3027¢-13 2.2851e-12 1.0340e-12 3.2938e-13

parameters for optimal noise performance (bold marker point
in FIGURE 5(b)) are summarized in Table 2 and the design
at this point is considered a reference design for follow-on
comparisons.

Conventionally, best receiver sensitivity is achieved when
the FE exhibits a Butterworth response and a bandwidth of
2f /3 (Section 4.6 in [21]). However, FIGURE 5(b) and
Table 2 show that, even with no equalization, optimal noise
performance is achieved at frja and Qpa of 0.32f,;, and
0.505, repectivelly. The lower f7y4 is justified as follows: the
noise model in [21] considers only the white noise component
while our model accounts for the colored noise, which
pushes the noise-optimum bandwidth to a lower frequency
to filter out more high-frequency noise. The lower Qryy is
resulted from the limited gain in the TIA’s core amplifier (this
statement is further justified in Section IV.A).

B. FULL-BANDWIDTH FE WITH MAIN AMPLIFIER

In this design, the FBW TIA is followed by a single-stage
main amplifier with a second-order Butterworth transfer
function given by [22]

ApmaL0

2
() + o+
where Apa,0 and fy;4 are the DC gain and the 3 dB
bandwidth of the MA. It is assumed that the MA exhibits
a gain-bandwidth product of 2f;,, which is realizable in
technology with fr = 5f};, as indicated in Table 1.
The MA’s bandwidth is made relatively wide so that the
receiver’s bandwidth is approximately set by the TIA [21].
In FIGURE 6, f;4 is swept to plot the input-referred noise
and the JI while TIA’s parameters are fixed as in the reference
design in Table 2. The noise reaches a minimum value
of 1.68uA, s at fyu = 0.66f;, leading to an overall
bandwidth of 0.31f};. The JI at this point is only 4.8%.
In comparison to the FBW with buffer, the deployment of
the MA increases the order of the noise transfer functions

Hpost (5) = AMA (8) = (6)
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FIGURE 6. Performance of the FBW FE with a main amplifier. TIA's
parameters are fixed as in the reference design.
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FIGURE 7. Comparison of normalized noise transfer functions.

which filters out more high-frequency noise as shown in
FIGURE 7. However, this FE exhibits a smaller fpg/f pis
which increases the ISI and reduces the ratio of the effective
gain to the DC gain. Combining these two effects, the noise
contributions from the channel and MA are reduced while the
noise contribution of Ry slightly increases compared to their
counterparties in FBW-FE with buffer (see Table 2 ).

IV. EQUALIZER-BASED FRONT-END

A continuous-time linear equalizer (CTLE) implements a
frequency-dependent gain to introduce a high-frequency
boost that compensates for the limited-bandwidth
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FIGURE 8. Shunt-feedback TIA (a) FBW design, (b) open-loop dynamics,
and (c) LBW design.

(LBW)-TIA’s high-frequency roll-off. The CTLE can be
realized by source degeneration [23], passive [9] or active
inductive load [10], or passive network [24]. It can also
be realized by continuous-time delay cells [8]. In this
work, we consider a general transfer function that can
model all different implementations. Equalizer parameters
are determined to extend the bandwidth and achieve the best
possible noise performance while maintaining a JI of less
than 10 %. This JI percentage is arbitrarily chosen and can be
changed according to the priority given to the horizontal eye-
opening and jitter. This section first discusses the design of
the LBW-TIA, then explores several designs for the equalizer.

A. LIMITED-BANDWIDTH TIA
In the LBW-TIA, the bandwidth is shrunk by a factor n
compared to that of the FBW-TIA. This is achieved by
increasing Ry while fixing g, 1;» which allows for a fair noise
comparison under a constant power dissipation constraint.
For example, in FIGURE 3, when g, si, is fixed at 20 mS, f774
isreduced from frja = 0.32f;; = 8GHzto frja = 0.16f;;, =
4GHz (i.e., n = 2) by increasing Ry from 0.861 €2 to 1.82 k2.
The feedback resistor is boosted by a factor of 2.11x,
approximately equal to the bandwidth shrinkage factor n,
indicating a near-linear proportionality between the gain and
the bandwidth. This is in contrast to the square-law relation
predicted by the transimpedance limit (TL) in [1], [3], and
[9]. This is explained as follows: the TL is the maximum gain
that can be reached for a given bandwidth and technology.
The TL is reached when the TIA exhibits a Butterworth
response. However, as Ry increases, the input open-loop pole
becomes more dominant compared to the core amplifier’s
pole fx (note that once g, sis is fixed f4 is also fixed) as shown
in FIGURE 8(b). As a result, the TIA exhibits a response
with Q7 of less than 1/ /2 . The oscillation frequency wrya
is converted to the corresponding 3 dB bandwidth through

2
WO 1/203,) +1+(1-1/263,)
[3]. Simulation results show that p is proportional to
Rf_ 03 Therefore, the transimpedance limit from [3] can

a factor p =

129024

be rewritten as

Ao+ 1) Aqfap?
Ao 27fF,Cp

Ry (7.0

which implies
) 1 1
RfN——>Rf’\'— (7.b)

This proves that actual gain does not reach TL and drops
linearly with the bandwidth. This linear relation between the
gain and the bandwidth facilities the design of the equalizer
but reduces Ry boosting factor to n, instead of n? as in [9]
which follows the theoretical transimpedance limit. To reach
the TL (i.e., to boost Ry by n%) when the bandwidth is shrunk
by a factor n, Ap and fy need to be scaled up and down
by a factor of n, respectively, to attain a fixed Qrq =
1/4/2 . Practically, this approach is not realizable since
the Ag of a single-stage CMOS inverter is constant for a
given biasing and aspect ratio. Furter, the maximum value of
Ao is limited by the technology node. A cascode transistor
is used in [9], [10], and [23] to boost Ayg. However, the
cascode device becomes the dominant noise contributor at
high frequency [23]. In this work, cascode transistors are
ruled out to constrain the problem.

An equalizer restores the bandwidth to a finite degree. That
is, excessive scaling of the LBW-TIA bandwidth (i.e., large n)
requires a large amount of equalizer peaking, increasing
gain ripple and group delay variation. This translates to
time-domain ringing and jitter which reduces the effective
gain and may cancel out noise improvement resulting from
limiting the TIA’s bandwidth. Further, an equalizer working
at its limit suffers from a limited tunability which makes the
circuit susceptible to process, temperature, and voltage (PVT)
variations [1], [9]. Considering these practical limitations, n
is fixed at 2 in the following simulations. The design of the
LBW-TTIA is summarized in FIGURE 8 (c¢) in comparison to
the FBW-TIA.

B. COMPLEX-ZERO EQUALIZER

In this design, we consider a unity low-frequency gain
equalizer that introduces a pair of complex zeros that
perfectly match the bandwidth-limiting poles of the LBW-
TIA and a pair of complex poles. Two cases for the equalizer’s
poles are considered as follows:

1) CASE 1) CTLE WITH COMPLEX POLES THAT MATCH
THOSE OF THE FBW-TIA

The overall FE (LBW-TIA/CTLE) in this design exhibits a
second-order amplitude response characterized by the dc gain
of the LBW-TIA and the poles of the FBW-TIA. This case is
considered for the sake of comparison with reference works
[9], [11]. The noise reaches a minimum value of 2.42 uA
at fre = 0.32fp;. The JI at this point is only 5.56%.
Compared to FBW-FE with buffer: 1) The equalizer restores
the bandwidth by a factor n. As a result, the effective gain
improves by a factor of 2.17x, approximately equal to the
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FIGURE 9. Noise performance of the CTLE-based FE where the equalizer
introduces a pair of complex zeros that perfectly match the
bandwidth-limiting poles of the LBW-TIA and a pair of Butterworth poles
at 2xf),.

bandwidth shrinkage factor n as explained in Section IV.A. 2)
the noise from the feedback resistor sees an identical transfer
function Z;(f) to the output but is referred to the input by a
higher effective gain. Therefore, iﬁ’ Rf improves by a factor of
2.1 x (= n) as indicated in Table 2. 3) the equalizer introduces
a high-frequency boost in the noise transfer functions Z,(f)
and Z3(f), integrating more noise at the output. However, this
is counteracted by the higher effective gain, leading to almost
identical input-referred noise powers for both the channel and
the subsequent stage.

These conclusions coincide with [9] and [11] where col-
ored noise is unchanged while the feedback noise improves
by a factor equals to the gain boosting factor (which is n in
this work compared to n? in [9]). Despite the improvement in
the white noise, i, s improves only by 8 % since the total
noise is dominated by colored noise. The deployment of the
equalizer restores as wide horizontal eye-opening as in the
fbw-fe with buffer as evident by the equal JIS (5.56%.) in
both front ends.

2) CASE 2) CTLE WITH BUTTERWORTH POLES

The overall FE (LBW-TIA/CTLE) in this design exhibits a
second-order transfer function defined by the DC gain of the
LBW-TIA and a pair of Butterworth poles at 27 f,. Therefore,
the FE exhibits an overall bandwidth of frg = f,. FIGURE
9 shows that the noise of this FE reaches a minimum value
of 1.85 uAys at f, = 0.41f,;, which coincides with [6]
on the noise-optimum bandwidth for a Butterworth TIA.
The JI at this point is only 4.8%. The equalizer restores
the bandwidth by a factor >n. As a result, this FE shows
a wider bandwidth than the FBW-FE with buffer as shown
by Z;(f) in FIGURE 7. The wider bandwidth improves the
gain boosting factor beyond the bandwidth shrinkage factor
n. The effective gain improves by a factor of 2.5x. On the
other hand, the equalizer introduces a high-frequency boost
in the noise transfer functions Z;(f) and Z3(f) as shown in
FIGURE 7, integrating more noise at the output. Combining
these two effects, the input-referred noise power due to all
contributors and i, ,,s are significantly improved as shown
in Table 2.

VOLUME 10, 2022

*lefbit =0.08 +lefbit = D.16+lefb" =0.32

—~ 4 100 —#-0-f-A
E
<
235 80
=
c
g 3
£
3 .
2.5 =
b s
° 40
z 2
-
o 20
é 1.5
2 (a) (b)
£ 1 0 d
0 0.5 1 0 0.5 1
fp/fbit fp/fbit

FIGURE 10. Noise performance of the CTLE-based FE where the equalizer
introduces a single zero and a pair of Butterworth poles at 27/, and
2nfp, receptively.

C. SINGLE-ZERO EQUALIZER

Complex-zero equalizer is not common in optical receivers.
Practically, a single-stage equalizer that introduces a single
zero is usually employed. Therefore, in this design, we con-
sider a unity low-frequency gain single-stage equalizer that
introduces a single real zero and a pair of Butterworth poles
at zoq = 27f; and wey; = 2mfy, respectively. The transfer
function of the overall FE is given by

Rr14,0 (1 + i)

Sz S S2 \/is
(w%m + OriA0TIA + 1> (w_gq + “Weq + 1)

For this experiment, 100 values for f, and 100 values for
Jp in the range 0.1f;;, to fp; were chosen, resulting in a
total of 10,000 design points. For all combinations, the noise
and the JI are calculated, and a sample of the results is
shown in FIGURE 10. The noise reaches a minimum value of
1.47 puA.,s when f; and f,, are set to bandwidth of the LBW-
TIA (i.e..f, = fria = 0.16fp;;) and 0.49f,;;, respectively. This
noise minimum occurs for an overall bandwidth of frr =
0.43f3;;, meaning that the equalizer extended the bandwidth
by a factor of 2.7 x.

This FE achieves the best noise performance compared to
all other FEs investigated so far. That is, this implementation
increases the order of all noise transferer functions which
filters out high-frequency noise. Moreover, the equalizer
restores the bandwidth by a factor greater than the bandwidth
shrinkage factor, further improving the effective gain. The
input-referred power due to all contributors and iy s are
significantly improved as shown in Table 2. The equalizer’s
transfer function shown by Z3(f) in FIGURE 7 indicates
that the equalizer introduces a 7.1 dB of peaking (2.28%)
at the Nyquist frequency fy = fpir/2 which is practically
realizable [9].

This FE also achieves the highest effective gain of 1.15 k2.
Therefore, a peak-to-peak voltage V(I))P = SNRip rims Zeff =
23.9mV,, is produced at the output of the FE, where SNR
is the required signal-to-noise ratio and equals 14.07 for
bit-error-rate (BER) of 107'2. This output is sufficiently
large achieve the desired BER when the FE is followed

Zrg (8) =

®)
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FIGURE 11. Front-end with LBW-TIA, CTLE, and MA (a) block diagram, (b) noise and jitter performance, (c) noise breakdown, and (d) 25 Gb/s eye

diagram with input set at sensitivity level.

by an ideal clock-and-data recovery (CDR). Practically, the
output voltage of the FE needs to be increased by swing
requirements of an actual CDR, VgSR to attain the same
BER as for the ideal CDR. The incurred power penalty
due to finite sensitivity of the practical CDR is calculated
as PP = (VEP +VEE.) /VEF. For example, a VI, of
100 mVy,;, incurs a PP of 7.14 dB. Next, we consider adding
a main amplifier to mitigate this PP.

D. CTLE-BASED FRONT-END WITH A MAIN AMPLIFIER

So far, all noise comparisons are performed under a
constant power dissipation constraint which requires fixing
the number of stages. In this section, the number of stages is
increased to mitigate the PP incurred by the voltage amplitude
requirements of the CDR. In this FE, the LBW-TIA/CTLE
in Section IV.C are followed by a three-stage MA. Each
MA stage is described by (6). FIGURE 11 shows the block
diagram and summarizes the results of this FE. The MA’s per-
stage bandwidth is swept to plot the noise and jitter as shown
in FIGURE 11 (b). Compared to the FE in Section IV.C,
employing the MA increases the effective gain to 2.75 k2
and slightly improves i, us to 1.36 (A, . Therefore, the PP
is reduced to 2.01 dB for VL, = 100mV,p. FIGURE 11 (b)
shows that the noise reaches a minimum value when the MA’s
per-stage bandwidth is 0.97fp;,, leading to overall MA and
front-end bandwidths of 0.69f;;, and 0.41f};;, respectively.
The noise breakdown in FIGURE 11 (c) shows that the
total input-referred noise power is dominated by the TIA’s
channel noise (75 %) while the MA’s contribution to the
input noise is negligible (only 3 %). The JI at the best
noise point is only 7.3 %, indicating a wide horizontal
eye-opening as evidenced by the simulated eye diagram
in FIGURE 11 (d).

V. DISCUSSION

A. COMPARISON WITH DFE

FIGURE 12 (a) shows a general block diagram of a decision
feedback equalizer (DFE)-based optical receiver. In principle,
DFEs noiselessly cancel post-cursor ISI but not the precursor
ISI. Referring to the pulse response in FIGURE 4, and
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FIGURE 12. (a) Block diagram of a DFE-based optical receiver (b) Noise
performance of 1IR-DFE and two-tap FIR-DEF-based receivers.

considering an M-tap DFE, the vertical opening of the output
eye diagram is calculated as

o
VEOprE = Vy,0 — Z [Vym| — Z |Vyn] ®

m<0 m>M

Consequently, the effective gain of a DFE-based receiver is
calculated as Z pre = VEODFE/iI,p.

FIGURE 12 (b) shows the input-referred noise current
of an infinite impulse response (IIR) and a two-tap finite
impulse response (FIR) DFE-based receiver as a function
of fria /foir-

For the IIR-based receiver, the noise reaches a minimum
value of 1.28 A at fria = 0.05fp;. Further reducing
fria below this optimal value results in a pre-cursor ISI
that degrades the noise due to the reduced effective gain.
At this point, the TIA employs a feedback resistor of 5.8 k2
and achieves an effective gain of Z.y prg = 0.992k<.
For the FIR case, the residual post-cursor ISI reduces the
effective gain to 0.746kS2 which worsens the minimum i, ;s
t0 1.64 1A . This noise minimum occurs at frja = 0.17fp;;.

Compared to the CTLE-based FE in Section IV.C
(i,,’rms = 147pA and Zp = 1.153k52), [IR-DFE-based
FE achieves slightly better noise and lower effective gain.
That is, IIR-DFEs noiselessly remove post-cursor ISI but
have no bearing on the pulse height as seen at the output of
the TIA. On the other hand, CTLES restore a wide bandwidth
which allows the pulse at the output of the FE (TIA/CTLE)
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to settle at a higher level which improves the effective gain.
The residual post-cursor ISI in the FIR-DFE-based receiver
worsens the gain, resulting in a worse noise compared to the
CTLE-based receiver. The higher gain in the CTLE-based
front-end makes it more suitable for the cases where the swing
requirements of the CDR incur a significant power penalty.

B. COMPARISON WITH ELECTRICAL LINKS

In electrical Links, CTLEs provide high-frequency peaking
to mitigate signal distortion caused by channel loss. That
is, the electrical channel acts as a low-pass filter with
transfer function G(f). Therefore, the channel’s effect on
the pulses can be reversed by passing the received signal
through a CTLE with a transfer function G~1(f). This
way, equalized pulses match those originally launched by
the transmitter [25]. In contrast, CTLEs are used in optical
receivers to compensate for the ISI introduced by the
intentionally reduced TIA’s bandwidth. Despite the boost in
high-frequency noise, CTLE can be beneficial for noise in
optical receivers as shown in Section IV.C.

C. FEEDFORWARD EQUALIZER

The presented methodology can also be used to accu-
rately characterize feedforward equalizer (FFE)-based optical
receivers. Each FFE tap produces a delayed, weighted version
of the TIA’ pulse response. By adding those versions to
the TIA’s pulse response, pre- and post- cursor ISI can be
reduced. FFE filter sums scaled and delayed versions of
the same signal, offset in time by UI. To account for noise
correlation, the output noise power is calculated by (2) with
substituting Hy,s (s) by

M
Hpre (s) =1 =) aie™V (10)
i=1
where, M is the number of taps and «; is the weight of the
i tap. The output noise is referred to the input using an
effective gain calculated from the equalized pulse response
as in (5) to account for any residual ISI. Tap weights appear
both in output noise and input-referral gain calculations.
Therefore, optimal weights minimize the rms input-referred
noise current [11]. Tap weights can also be calculated from
the pulse response and noise autocorrelation function [2].

D. UPPER LIMIT OF NOISE INTEGRATION

The upper bounds of noise integration in (2) could greatly
impact the results. Due to the low pass response of the
front end, the high-frequency noise components beyond the
bandwidth of the clock and data recovery unit fcpr are
attenuated. Therefore, it becomes sufficient to set the upper
limit of noise integration in (2) to fcpg [21]. The comparison
in Table 2 is repeated assuming fcpr = fpir- Limiting the
integration bandwidth filters out the high-frequency noise and
reduces the impact of the high-frequency boost introduced
by the equalizer. As a result, the best noise performance is
achieved in the FE that employs a CTLE with complex zeros
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and a pair of Butterworth poles (Section IV. B, case 2). This
FE also shows a gain advantage over the two FBW designs.

VI. CONCLUSION

In this paper, CTLE-based optical receivers are analyzed and
compared with the conventional full-bandwidth and decision
feedback equalizer (DFE)-based receivers. The comparison
aimed at solving the discrepancy found in literature about
how the CTLE impacts the noise. In this comparison, the
noise from each contributor is first referred to the output using
a proper noise transfer function to account for how the stage
following the TIA processes the noise. The output noise is
then referred to the input by an effective gain that takes into
consideration the residual inter-symbol interference. It has
been shown that CTLEs: 1) boost high-frequency noise.
2) restore a wide bandwidth which improves the effective
and input-referral gains. Combining both effects, the noise
performance of the CTLE-based is better than that of the full-
bandwidth receivers and lies between that of a two-tap FIR-
DFE and IIR-DFE-based receivers. CTLE-based front end
achieves the highest effective gain, making it more suitable
for the cases where the swing requirements of the CDR incur
a significant power penalty. The presented methodology can
be extended to accurately characterize feedforward equalizer
(FFE)-based optical receivers.
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