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THE LINEARITY IMPROVEMENT METHOD IN CONTINUOUS TIME LINEAR
EQUALIZERS

Nowadays, the usage of high-speed SERDES systems has increased, and the
requirements for specific components have also risen. Data rates and clock frequencies
have escalated to 224 Gbps and 16 GHz, respectively, leading to stringent requirements and
greater challenges in their implementation.

One of the significant challenges is the system linearity. The SERDES system data
path consists of a Serializer and Driver from the transceiver side, along with channels that
connect the transceiver to the receiver. In the receiver, there is an Analog Front End (AFE)
that includes a Continuous Time Linear Equalizer (CTLE) and an Analog-to-Digital Converter
(ADC) for the final conversion to digital signals. Along this path, signal degradation occurs,
depending on the signal frequency and channel losses. To address these issues, AFEs are
employed, which typically consist of an attenuator, Continuous Time Linear Equalizers,
and, in some cases, variable gain amplifiers.

It is important to address the linearity problems encountered within the AFE and
ADC blocks. Linearity degradation, or poor linearity, can result in significant issues within
the system, including incorrect data conversion and an decreasing Bit Error Rate (BER).

This paper addresses linearity issues within the Analog Front End (AFE), with a
particular focus on the Continuous Time Linear Equalizer (CTLE). The primary nonlinear
behavior stems from the CTLE, largely due to the utilization of various reactive components.

Keywords: continuous time linear equalizer, linearity, Serdes system, Analog Front
End, Transmitter, Receiver, Transceiver.

Introduction. In modern high-speed SerDes systems, it is crucial to employ
an Analog Front End (AFE) that equalizes the signal and mitigates losses incurred
from the channel. AFEs typically comprise both passive and active components [1].
Passive components are utilized for signal attenuation, whereas active components,
which often include a Continuous Time Linear Equalizer (CTLE), are employed
for signal equalization [2]. The CTLE plays a pivotal role in compensating for signal
degradation and enhancing overall system performance. The basic architecture of
an AFE is illustrated in Fig. 1.
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Fig. 1. Analog front end architecture

Continuous Time Linear Equalizers (CTLEs) are differential circuits that
consist of a degeneration resistor, a degeneration capacitor, and output load resistors.
The degeneration resistor and capacitor play crucial roles in the performance of the
CTLE. The degeneration resistor helps to linearize the transconductance of the
differential pair, thereby improving the linearity of the circuit. The degeneration
capacitor, on the other hand, introduces a zero in the transfer function, which helps
to boost high-frequency components of the signal, thereby compensating for high-
frequency losses in the channel.

Modern CTLEs also incorporate inductors, which enhance bandwidth and
gain [3]. The inclusion of inductors introduces additional poles and zeros in the
transfer function, which can be strategically placed to further improve the
equalization performance. The poles and zeros in the transfer function of the CTLE
are critical in shaping the frequency response of the equalizer. Proper placement of
these poles and zeros allows the CTLE to effectively compensate for the
frequency-dependent losses and distortions introduced by the transmission channel,
ensuring that the signal integrity is maintained [4]. The transfer function H(s) of a
CTLE typically includes terms for the degeneration resistor Rd, degeneration
capacitor Cd, and inductors L. The general form can be expressed as (1):

A(s)
HS)5 M

where A(s) and B(s) are polynomials in s, the complex frequency variable. For a
CTLE with inductors, the transfer function looks like this (2):
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where oz represents the frequency of the zero introduced by the degeneration
capacitor and wp represents the frequency of the pole introduced by the inductors

and other reactive components.
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The basic architecture of a Continuous Time Linear Equalizer (CTLE) is

illustrated in Fig. 2 [5].
/ voD N\
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Fig. 2. Basic continuous time liner equalizer architecture

Problem description. Continuous Time Linear Equalizer with nmos input
transistors (Fig.3) has been designed by SAED14 nm FinFet technology [6], and
HSPICE simulations have been performed.

T

Rp Rm

Lp Lm

Out_p Odt_m

e

[

k CTLE /

Fig. 3. The designed continuous time liner equalizer architecture
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AC analyses were performed to determine the gain and bandwidth
characteristics of the Continuous Time Linear Equalizer (CTLE), and the results
are presented in Fig. 4.
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Fig. 4. CTLE AC analyses curves

Transient analyses were conducted to evaluate the linearity of the Continuous
Time Linear Equalizer (CTLE). The applied signal frequency was set to be three
times lower than the Nyquist frequency. Initially, the target design frequency for
the circuit was established at 16 GHz, which is in accordance with PCle 6 standards
[7]. These analyses are crucial for understanding the dynamic behavior of the CTLE
and ensuring that it performs effectively under varying signal conditions. By setting
the target frequency at 16 GHz, the design aims to meet the stringent requirements
of high-speed data transmission standards, thereby ensuring robust and reliable
communication. The results of the transient analysis are depicted in Fig. 5, which
illustrates the small-signal gain and linearity characteristics when the gain is 1 dB
lower than its maximum value. This method is a common approach for measuring
circuit linearity in SerDes systems. By analyzing the small-signal gain and linearity
at this specific point, we can gain valuable insights into the performance and reliability
of the CTLE under real-world operating conditions. Ensuring that the gain remains
consistent and linear is essential for maintaining signal integrity and minimizing
errors in high-speed data transmission.
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Fig. 5. CTLE Linearity curves, transient analysis results

It is essential to mention that both AC and transient analyses were conducted
for the typical (TT), fast (FF), and slow (SS) corners. These analyses were performed
with supply voltages of 1.2 V, 1.32 V, and 1.08 V, and at temperatures of 25°C,
125°C, and -40°C, respectively. This comprehensive approach ensures that the
CTLE's performance is evaluated under various process, voltage, and temperature
(PVT) conditions, providing a thorough understanding of its behavior across different
scenarios. A summary of the AC and transient analyses for these three PVT
conditions is provided in Table 1.

Table 1

The main parameters of CTLE

Measurement SS TT FF
Peak frequency (GHz) 20 20.9 20.9
Gain_at Nyquist (dB) 6.59 5.97 5.75
Peak Gain (dB) 6.93 6.43 6.07
Gain at low frequency (dB) -19.6 -17.6 -15.1
Output Linearity (mV) 269 276 311

Degeneration resistors are commonly employed to enhance linearity, which
is a standard approach for amplifiers and equalizers [8]. However, based on the
linearity numbers presented in Table 1, it is evident that linearity varies across
corners by up to 10%, which is unacceptable for modern systems. Even with a
supply voltage of 1.2 V, maintaining good linearity across all PVT corners is
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challenging due to the small saturation margin of the input devices. This issue is
more pronounced in the slow (SS) corners and other slow conditions. Ensuring
consistent linearity across different process, voltage, and temperature conditions is
crucial for the reliable performance of high-speed SerDes systems. Addressing
these variations is essential to meet the stringent requirements of modern
communication standards.

The proposed solution. One of the solutions proposed at the Irish Signals
and Systems Conference involves replacing current source transistors with
polyresistors. Additionally, a replica path was added to control the current through
the CTLE, along with a 4-bit R2R digital-to-analog converter (DAC). The
proposed solution has improved the linearity problem. However, it is not applicable
to contemporary chips, as it increases the area of the CTLE by using resistors and
adding the replica path with the R2R DAC [9].

The proposed solution do not include as many changes and additions to the
CTLE. The proposed changes and solution are as follows. An additional transistor
is incorporated into the main signal path m1 and m2, with its gates connected to the
common mode voltage of the main data path signal, typically originating from the
attenuator. The source of this transistors is connected to a current source, while the
drain is connected to the outputs of the Continuous Time Linear Equalizer (CTLE).
Furthermore, a new circuit has been added, consisting of controllable current
mirrors and current sources [10]. This component can be any circuit that is
independent or exhibits low variation across PVT conditions, such as a constant
current source circuit. The basic circuit diagram of the updated scheme is shown in
Fig. 6.

S
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Fig. 6. The proposed circuit diagram
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The newly added transistors in the differential paths, along with the
programmable current mirrors, offer the capability of adjusting the current value
through the main CTLE path. This adjustment results in a change in the drain
voltage of the input devices, thereby increasing the saturation margin and
enhancing the linearity values. This technique can also be employed to mitigate the
linearity issues in cases of excessively high values, ensuring optimal CTLE
performance without the noise associated with high-amplitude signals. By fine-tuning
the current through the CTLE path, the design achieves improved signal integrity
and reliability, which is crucial for high-speed data transmission systems. A
controllable current mirror designed for three thermometric bits is utilized to cover
a wide current range. This design allows for precise control over the current
flowing through the CTLE path, enhancing the flexibility and performance of the
equalizer. Additionally, the transistors connected to the CTLE outputs are chosen
to be 20 times smaller to prevent any bandwidth degradation caused by device
capacitance and metal connections. Figure 7 presents the implementation of the
controllable current mirror at the transistor level.

Constant current source

lvem

!

Fig. 7. Controllable current mirror

Results. In the initial step of the method verification, HSPICE simulations were
conducted, and AC analysis was performed to assess the impact of the newly added
transistors on the frequency response, particularly concerning bandwidth. Based on
the results shown in Fig. 8, the impact of the newly added device is negligible, with
the bandwidth degradation due to the device capacitance being less than 1%.
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Fig. 8. CTLE AC response with the proposed method

In the next step, transient simulations were performed to identify the impact
of linearity values with minimum and maximum current levels, which were controlled
through three thermometric bits in the current mirror. Figure 9 shows the linearity
curves for the SS corner, while the linearity values for the other two corners are
presented in Table 2, along with other important parameters measured during the
AC simulation.
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Fig. 9. Linearity curves for SS corner with minimum and maximum codes
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Table 2.
The main parameters of CTLE with the proposed design

Measurement SS TT FF
Peak frequency (GHz) 20 20.9 20.9
Gain_at_Nyquist (dB) 6.46 5.89 5.66
Peak Gain (dB) 6.79 6.35 5.98
Gain at low frequency (dB) -19.5 -17.4 -15.2
Output Linearity with 269 276 311
minimum code (mV)

Output Linearity with 680 698 731
Maximum code (mV)

Based on the results shown in Fig. 9 and Table 2, it is evident that the
proposed solution addresses the linearity problems and increases the linearity
values for the SS corner by up to 680 m/V.

Conclusion. Continuous Time Linear Equalizer has been designed with the
SAED 14nm FinFet technology. Poor linearity numbers are observed.

An architectural update has been proposed to enhance the linearity of the
Continuous Time Linear Equalizer (CTLE). The results indicate that the linearity
values for the worst corner are improved by up to 680 mV. Compared to other
solutions, the proposed solution shows a 23% higher improvement. Although there
is a slight increase in the circuit area and power consumption due to addition of
transistors in the differential path and the implementation of a programmable
current mirror, this increase is considered acceptable given the significant
improvements achieved in linearity performance.

The SAEDI14 nm FinFet technology libraries have been used during the
HSPICE simulations, and outputs have been exported by Galaxy Custom Designer
tool.
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Ukpuynmdu pupanp wpugnipjudp SERDES hwdwlwupgbpp juyunpk oquuugnpéynid
kb, b npuig pununphsttipht wnwewnpynn wuwhwbgtbpp jpunwgly Bu: SYjuyukph thnpuwg-
dwt wpugnipniutbpp b mujunuhtt wqputpwuitph hwdwhinipniiubpp hwuby B 224
Qrhp/ynl b 16 42g-h hwdwwywnwuwtwpwp, npp hwtqigunid Euwhdwbwhwlnudubph
hrunugdw b ks dwpunwhputpiubtph wewewgdwt nputg hpujuiugdu gnpdpupugnid:
YQuplnp dwpuwhpuwdbpubphg diyp hwdwlupgh gdwjunipeniut k: SERDES hwdwlwpgh
wnjuyibph ninhtt punugus E hwenpnuljutiugunn hwgnyghg, tipuyhtt mwtinng hwignyghg
b hwinnpnhy hwgnyghg, hisybu twb hnupninhukphg, npnup Juwynud tu hwnnpphy hw-
dwungp pugniths hwdwlupgh htw: Cugniuhsnid ndyuubpl wignud Eu pugnihy hwi-
qnuygny (AFE), npp Juqujws E wupunhwn gdwjhtt hwdwhwpptgunn hwtgnyghg (CTLE) b
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wiuynquipyuyht Yepyuihnjuhshg (ADC) Jpgtulut pyuwyhlt wqnwiywbiph thnfuwilytpy-
dwt hwdwp: Uju nupnt ppwugpnid wqpuipwih Juunpupugnid £ nbnh ntubund Juiu-
Jws wqnupwith hwgwunipiniiihg b hnupninnt yuwndwrny wnwewgus Ynpniuniknhg:
Ujn ughputipp nustnt hwdwp oquuugnpéynid u pungnithy hwignygubpp, npnup unyn-
pwpwp punugus tu duphs hwugnyghg, wipunhwn gdwyhtt hwdwhwprtgung hwtgnyghg b,
npny phwypkpmd, thnthnpuuljut nidbinugdwt gnpsuiigny nidbnupupubphg: Ywpbnp
wlunpuyuptwy pugnithy hwignygnid b whwnqupduihtt jEipyuthnjuhsnid hwinhwnn
géuyunipju juunhpubphic Fduyinipjut Junpwpugnudp jud Jun gdwjunipiniup jupnn
E hwtigkgl) hwdwlwupgnid pwbwlwh ughpubph, tbpuryuw) wdjujutph ujuw) thnpow-
Ytpuydwi b phph uppuyh wbkdyh (BER) iuquwi: Gunpunupd E junwpdl) pugniihy hwb-
gqnuygh géuwyunipju ppunhpukpht, hwnjuybu wpwewgnn wipunhwwn gduyhtt hwdwhwp-
plgunn hwugnygh ywwdwnny: Zhdbwlwi ny gduyhtt Juppughst wrwewinid £ wiply-
hwwn gbughtt hwlwhwpptgunny hwignygnud, hhdtwljwimyd wwppbp pbwljnhy pununphs-
ubtph ogurnugnpddwh yuwwndwnny:

Umubgpuypli punkp. Uipunhuwwn gduyhtt hwdwhwppetginng hwiqnyg, gduyimip-jnid,
Serdes hwdwijupg, pugniithy hwignyg, Zunnpphs hwdwluwpg, punniihs hwdwlunpg, hw-
nnpnhy-pugnihy:

C.A. XAYATPSAH

METO/I YJIYUIIEHWUA JUHEMHOCTHU B JIMHEMHBIX YCUJIUTEJIAX
HEINPEPBIBHOI'O BPEMEHHA

B Hacrosiiiee Bpemst Hapsily € IIMPOKUM HCIIONB30BAHHEM BBICOKOCKOPOCTHBIX CHCTEM
SERDES yBennumimuch Takke TpeOOBaHUS K KOHKPETHBIM KoMITOHeHTaM. CKOpOCTH Tepe-
JIa4¥ JAHHBIX M YaCTOTHI TAKTOBOTO CHrHaja qocturiu 224 [ '6um/c v 16 1Ty COOTBETCTBEHHO,
YTO ITPUBEJIO K OOJBIINM BBI30BaM IpH UX peanu3anui. OnHON 13 3HAYUTEIBHBIX MPOOIeM
SIBIISICTCS JTMHEHHOCTh cucTeMbl. [1yTh manHbeix cuctembl SERDES cocrout u3 cepuanmsa-
TOpa ¥ ApaiBepa cO CTOPOHBI NIEPeAaTINKa, a TAKKE KaHAIOB, KOTOPBIE COSIUHSIOT Tepe-
JIaTYMK C TIPHEeMHHUKOM. B nprieMHuKe HaxoauTcs aHaiorosblit Gppont-aua (AFE), koTopsii
BKJIIOUaeT B ce0s JIMHEHHbIH SkBanaiizep HenpepbiBHOro Bpemenn (CTLE) u ananoro-mud-
poBoii peodpazoBatens (ADC) 11t OKOHYATEIFHOTO IPe0OPa30BaHKs B IM(POBHIC CUTHAIBL
Ha stom IIyTHU MPOUCXOAUT ACTpaaalusd CUrHajla, 3aBUCAIIasd OT YaCTOThI CUI'HAJIa U IOTEPb
B KaHaie. [ pemenuns atTux npobieM ucrnonbsiyrorest AFE, KoTopble 00BIYHO COCTOAT U3
aTTEHI0AaTOpa, JTMHEHHBIX SKBAIA3epOB HENPEPHIBHOTO BPEMEHH M, B HEKOTOPBIX CIIydasiX,
YCHUIMTENEeH ¢ IepeMeHHBIM KOd(DGHUIMEeHTOM ycuieHus. BaxkHo permmTs npoOiaeMsl JIMHEeH-
HoctH, Bo3HMKaronue B 6iokax AFE u ADC. [lerpanaius TuHEHHOCTH, WK II0Xas JIMHEH-
HOCTB, MOKET IIPUBECTH K 3HAYUTEIBHBIM ITpo0OIeMaM B CHCTEME, BKJIIOUAsl HEMPABHIBHOE
npeoOpa3oBaHUe AAHHBIX U CHIKeHHe Kodddunuenta ommbok 6utoB (BER). B manHoit
CTaThe pacCMaTpUBAIOTCS POOJIEMBI JINHEWHOCTH B aHasioroBoM (poHT-3H7€e (AFE) ¢ 0coObiM
aKI[EHTOM Ha JIMHEHHBIH dKBanaiizep HenpepbiBHOro BpeMenu (CTLE). OcHoBHOE HenmMHEH-
Hoe moBeneHne Bo3HHKaeT m3-3a CTLE, rmaBHBIM 00pa3oM M3-3a HCIOJIB30BAHUS PasiIid-
HBIX PEAKTHBHBIX KOMIIOHEHTOB.

Knrouegvie cnoea: nuHEMHBIM dKBanaii3ep HENPEPHIBHOIO BPEMEHM, JIMHEHHOCTS,
cucrema Serdes, aHayioroBasi BXO/iHasl 4YaCTh, IIEpeJaTUHK, IPUEMHHUK, TPAHCHBED.
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