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A LINEARITY IMPROVEMENT METHOD FOR A HIGH-SPEED
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The demand for faster and more reliable data transmission has driven the develop-
ment of high-speed Serliazlier/Deserializer (SerDes) systems. These systems are used in a
wide range of applications, including high-performance computers, telecommunication
equipment, and data centers. However, the high speeds involved in these systems can also
lead to bandwidth limitation during data transmission. To address this issue, a four-level
pulse amplitude modulation (PAMA4) is seriously considered, as it offers higher spectral
efficiency, lower loss at the Nyquist frequency, and relaxed clock speeds compared to
simple binary non-return-to-zero (NRZ) signaling. The implementation of PAM4 modula-
tion has led to the development of various high-speed I/O standards. Considering these
developments, the linearity of the system became one of the main limiting factors for its
performance. Therefore, it is essential to develop methods which are aimed at addressing
this limitation. A linearity improvement method of high-speed dual-mode analog receivers
is presented. These receivers are characterized by their ability to operate at high frequen-
cies and the ability to provide a high level of signal integrity, which is critical for achiev-
ing high data rates and low error rates in high-speed systems. Dual mode receivers work
for both NRZ and PAM4 modulations. The key advantages of high-speed receivers such as
providing a high level of signal integrity, the circuit topologies, operating modes, and per-
formance characteristics are discussed. The usage of the proposed method improves RLM
by 6% and 1dB compression point by 119 mV in typical corner resulting in a 7% area in-
crease.

Keywords:  SerDes, transmitter, linearity, signal integrity, receiver, modulation,
RLM.

Introduction. Despite the fact that technological improvements have enabled
enhanced high performance I/O circuits, the bandwidth of electrical channels uti-
lized for communication between devices has not kept pace. This emphasizes the
relevance of four-level pulse amplitude modulation (PAM4), which provides high-
er efficiency, less loss at high frequencies, and slower clock rates than regular bina-
ry communication. Current-mode, voltage-mode, and hybrid transmitters have been
developed, along with both analog-to-digital converter (ADC) based [1,2] and
mixed-signal receivers, to support PAM4 modulation. However, compared to
NRZ-based systems, PAM4 transceivers require more stringent circuit linearity,
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equalizers that can implement multi-level inter-symbol interference (ISI) cancella-
tion, and improved sensitivity.

To achieve the high output swing required for PAM4 modulation, source-
series-terminated (SST) voltage-mode drivers [3] are used on the transmitter side.
These drivers provide high linearity up to differential output swings equal to the
nominal output stage supply. Advanced hybrid drivers employing current boosting
can further improve the output swing [4]. Voltage mode drivers also offer reduced
static power consumption compared to current-mode drivers. However, at higher
data rates, this advantage becomes a smaller percentage of the total transmitter
power consumption due to large clocking power and the use of output-stage seg-
mentation for equalization setting and impedance control. The presence of equali-
zation tap-select multiplexers in the output segments can introduce on-chip ISI,
including digitally controlled redundant segments for impedance control [5] results
in the increased output stage area and power. Another transmitter bottleneck is the
final serializer, where efforts have been made to minimize power consumption in
both current-mode and voltage-mode implementations.

The receiver in high-speed serial communication systems also employs equal-
ization to support channels with higher losses (Fig. 1).
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Fig. 1. The block diagram of the high speed SerDes system

The most common blocks for this purpose are the continuous-time linear
equalizer (CTLE) and decision feedback equalizer (DFE). CTLE is useful in can-
celing both pre-cursor and long-tail inter-symbol interference (1SI), but CTLE am-
plifiers must be designed with sufficient bandwidth and linearity to support PAM4
modulation [6]. On the other hand, DFE is effective in canceling ISI without ampli-
fying noise or crosstalk. However, optimizing the critical feedback path for ISI
cancellation beginning at the first post-cursor is a significant challenge associated
with DFE architectures. With PAM4 modulation, there is a longer unit interval (UI)
time, but reduced voltage margins require increased comparator gain to achieve a
symbol decision in one Ul. In addition, DFEs using common finite impulse
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response (FIR) feedback filters may require a large tap count to cancel long-tail
ISI. An alternative is to use infinite impulse response (IIR) feedback filters, which
can cancel exponentially decaying ISl with minimal taps, like a continuous-time
equalizer. Finally, a PAM4 DFE must have the required hardware with the neces-
sary linearity to support multi-level 1SI subtraction.

Although PAM4 has advantages over NRZ signaling in terms of spectral effi-
ciency, it is not necessarily the best modulation option for all systems. The choice
of modulation depends on factors such as the desired data rate, the characteristics
of the communication channel, and the process technology. In fact, most standards
still use binary NRZ signaling. Since serial 1/0 transceivers need to support various
standards and channels, it is important to have dual-mode transceivers with flexible
equalization capabilities. This allows the transceiver to seamlessly support both
NRZ and PAM4 modulation with minimal additional hardware and power con-
sumption.

Linearity is an essential characteristic in high-speed SerDes receivers since the
increasing data rates in modern communication systems are pushing the limits of
traditional communication techniques. These high-speed signals can suffer from
various distortions that affect the accuracy of the received data. Inaccurate data can
lead to reduced system performance and increased error rates, which can signifi-
cantly impact the system's reliability and throughput. In a SerDes receiver, linearity
ensures that the receiver output signal accurately represents the input signal, even
when the input signal is distorted by various impairments. A high linearity receiver
can preserve the integrity of the transmitted data by maintaining a constant gain
and phase response over a wide range of signal levels, allowing it to differentiate
between small changes in signal level accurately. This means that the receiver can
better detect and extract the transmitted signal from the noise, resulting in im-
proved signal-to-noise ratio (SNR) and reduced bit error rates. Moreover, linearity
is particularly crucial in multi-level signaling, where a single signal can represent
multiple bits. In such systems, the receiver must accurately distinguish between
different signal levels and correctly decode the transmitted data. This requires a
high level of linearity to ensure that the receiver can accurately distinguish between
different signal levels and avoid confusion between signal levels, which would lead
to errors in the decoded data. For example, let's consider a 4-level signaling
scheme, where each signal level represents two bits of data. In this case, the receiv-
er must be able to distinguish between four different signal levels accurately. If the
receiver has non-linearities, it may not be able to differentiate between the signal
levels correctly, leading to errors in the decoded data. This can result in a reduced
data rate and increased bit error rates. Therefore, maintaining linearity is essential
for achieving the required performance and reliability of high-speed communica-
tion systems.
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High Speed Receiver. In Fig.2, a high speed receiver top level functional dia-
gram is shown. The attenuator (ATT) includes on-die-termination, a T-coil struc-
ture that compensates for parasitic capacitances from the pad, as well as passive
components for signal attenuation. It provides constant signal attenuation which
should be similar to Nyquist frequency. The output of ATT is connected to contin-
uous time linear equalizer (CTLE). CTLE provides signal equalization and condi-
tioning, which is required for the proper operation of the slicers [7].
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Fig. 2. The high speed receiver top level functional diagram

CTLE has a programmable AC gain. It has constant peaking frequency and
due to programmability can have a different peak gain. Programmability is utilized
by a configurable degradation resistor. By decreasing the resistance, a bigger ac
gain is achieved. This option is useful in case channels with different insertion
losses are used. In case of channels with lower insertion loss, a small peak gain
option should be used and for bigger insertion loss cases, higher gain settings
should be used. These settings are obtained after the adaptation process. The output
of CTLE drive slicers which are clocked by 4 phases of the same frequency clock.
In such architectures, 1 additional slicer is the part of the clock and data recovery
(CDR) logic. This logic directs sampling clocks to their optimal positions.

Problem description. Modern high-speed receivers are used with different
channels. As an example the CEI-56G-XSR standard [8] can be taken which has a
channel length up to 5 sm. It does not always mean that the receivers complying
with this specification can only be used with 5 sm. Channels with shorter length
have smaller insertion loss. With smaller insertion CTLE, the input amplitude is
bigger which is the reason for nonlinear operation of CTLE. The main cause of
non-linearity is that the input devices are getting out of the saturation region. Line-
arity is more critical when the receiver operates in the PAM4 mode. It will cause
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relative level mismatch which has a negative impact on Bit Error Rate (BER). In
Fig 3 an AFE output eye is shown with mismatch between eye openings because of
the linearity limitation.

Fig. 3. The Eye diagram with linearity limitation

To understand the linearity of the system, we need an input and output am-
plitude at which 1db compression point is obtained. Before, the 1dB point system
was considered linear. To find the 1dB compression point AFE input amplitude is
changed from 10 mV to 450 mV. For each input amplitude point, an output signal
transition is generated. After that, plots are created, with axis X representing the
amplitude and the Y axis system gain (Fig. 4). By checking the plot from the start-
ing point up to -1db location output and input amplitude values, the corresponding
loss can be found. The bigger the value, the more linear the system is. Typically for
modern high-speed systems, 1dB amplitude >500 mV is required. In the example
shown 1db point for the input is 305 mV and for the output - 481 mV. This plot
clearly shows that the system gain is varying from the input amplitude which is the
main reason for non-linearity and eye-opening mismatches.
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Fig. 4. The waveform showing 1.db compression point

113



The proposed method. To overcome the above mentioned issues, ATT with
controllable attenuation is proposed (Fig. 5). An attenuator is used to reduce the
amplitude of a signal without distorting it. In high-speed applications, it helps to
control signal levels to avoid overloading sensitive receivers or causing data errors
due to excessive voltage swings. Attenuators can be either passive or active, with
the latter being more commonly used in most applications.

Regardless of frequency range, attenuators have two major paths: low-
frequency and high-frequency paths. These pathways are intended to handle vari-
ous frequency components of a signal while also providing proper attenuation
characteristics. Low frequency path includes feedback amplifier used to set the re-
quired input common mode value for CTLE. By applying a gain control portion
between positive and negative phases we can manage the attenuation value with
control settings which are applied after adaptation.
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Fig. 5. The ATT block diagram with controllable attenuation

Gain control blocks consist of MOSFETS connected in series with a cap in
between (Fig. 5). A binary coding is applied for the capacitance value control. 3
capacitors are added with increasing capacitance in a binary fashion. The first unit
adds 50f capacitance, the second and third 100f and 200f, respectively. MOSFETS
are used as switches and have low resistance in this implementation, hence large
transistor widths are required. The biggest disadvantage of this approach is that it
requires area increase. For high frequencies, ~1.5 dB attenuation steps with each
code are achieved. The sizing decisions are made in a way to have a constant atten-
uation for all the AC operation range. This approach gives an opportunity to have
approximately —10db attenuation (Fig. 6).
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Fig. 6. ATT frequency response across all attenuation control settings

Simulation Results. To check the proposed method’s impact on the system
linearity HSPICE simulation is performed using SAED 14nm technology [9,10].
In Fig. 7, the linearity of the system is shown using the same approach described
in Fig. 4. It is visible that the linearity of the system improved by 119 mV (Fig. 7).

BCMvPARM PeaK

— 5T — ) —3 —
T 17m 388m e n e /
o)
n/
BOMysPARM PeaklPe. Jini

- E
29.5m 600m| o //,_—

07!

o061

adv
|:

Fig. 7. The waveform showing the imbroved 1db cdmpression point

To understand the impact of the bigger linearity, transient analysis is per-
formed for the same corner. As seen from Fig. 8, the AFE output PAM4 eye
openings are close to each other resulting in 98.6% RLM compared to 92.7%
where the proposed method is not applied. Verification is performed for the SS
and FF corner as well showing 140 mV and 108 mV 1 dB compression point im-
provements, respectively.
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Conclusion. The analog front end with an attenuator gain control is proposed.
The method improves the 1 dB compression point of AFE by 119 mV. This results
in the improvement of the RLM by 6% for the typical process. Schematic updates
result in 7% of the area increase from which 70% is added capacitors and the rest
are MOSFET switches. The proposed method can be used in modern high speed
SerDes receivers where operation with various channel lengths is supported.
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UuruQuaenro Cunbhub? 20uveNR38h @0USLNRESUL LUJUSUUL
UGENY

2.S. Qphgnpub, L. 3. Zulnpjul

SYjuutinh wykh wpwg b hntuwh hnppwbgdwt wwhwbgwplp ppwtl b qipwupug
Serliazlier/Deserializer (SerDes) hwdwluwpgbph qupgugnidp: Uju hwdwlwupghipt mubku
Yhpupnipyub juyt opowtwl tkpunyuy pupdp wpynibu]Enn ppudp hwdwljupghsibpp,
htinwhwnnpnulignipjut vwppwynpnidbpp b wjujikpp YEunmpnuubpp: Uwljuyglh, wyu
hwdwlwupgbph wpwgnipniuubpp Jupnn ko hwighgul] twb wdjujubph thnpwtgdw
pupugpnid  ponniuwynipjut vwhdwtwhwlidwi: Uy junghpp  puskint hwdwp
hunpnipjudp nphinwplynid k snpu dwljuppuljh wdwhnninh dngnijjughwt (PAM4), putth
np wylt wowewplnid £ wykih pupdp uyblunpughlt wpymbwybnmpynih, gusp Ynpniun
Luypyhunh hwdwpwluinpjudp b nwljnwhl wqqupwih gusp wpugnipmit’ wupg
Epyniwlut (NRZ) wqpuiowih hwdbdwwn: PAM4  dopnijjughuyh  hpujwbwgnudp
hwiiqgkgpl] & mwppbp ghpupug Uninp/kp vnwinupnitph dowldwip: Zupgh wntbng
wju  qupqugnidikpp hwdwlupgh  gdwjimpmip nqupdl; t gpu gnpémubnipul
hhdtwlwt vwhdwbwihwlny gnpénuubphg dklp: ZEknwbwpwp, wihpudbon b dowlby
Ubpnnutp, npnip nypius B wju  uwwhdwbwiwlnudutpp hwunpwhwpbno:
Uhpjuyugdus b pupdp wpugnipjudp pynkdhd wiwnquigh pinnithsubph gdujiinipiut
pupbju]uui Ubpnn: Uju punnihsutipp punipugpynid El puipdp
hwdwhwljuinipniiubpny wphumnbnu niwuynipjudp i1 wqnuiowith
wupnnowjwimpjub  pupdp  dwlwpnulh wwywhnydwdp, hisp Yupbnp L kS
wpwqugnpsnipiniuibph b hwnnpplwd ujpwwiph thnpp wpdbph hwutbine hwdwp:
Bpyntdhd  punnithsubpt wpjuwwninud  Bu hywbku NRZ, wjiwybu L PAM4
Unynijjughwubpny: Uojnwwnwtpnid puttupljynid Eu pupdp wpugnipjudp punnithsubph
hhttwljwt wnwybnipniubpp, hiswhuhp B wgnutpwih wdpnnowljwinipjut pupdp
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dwuwpnuljh wwywhnynudp, onpuyh wnwninghwibpp, wphmunwbpughtt nkdhdubpp b
Juunwpnnqujut punmipwugptpp: Unwowplynn dbkpnnh Yhpwnnidp pupbjuynud & RLM-p
6%-ny b 1 27 ubnUuwb Yhwp 119 #9-nd nhywulub qnpspupugnid, dulbkpkuh 7% wgh
hwoht:

Unwihgpughli pwnkp. SERDES, hwnnpnhy hwbqnyg, qdugunmipnil, wqnubpwih
wUpnnowjuiinipintl, punnithy hwbigqnyg, Ungnijjughw, RLM:

METO/] MOBBIIIEHUSA TUHEWMHOCTH Y3JA
BBICOKOCKOPOCTHOI'O TIPUEMHUKA

A.T. I'puropsin, JI.JI. AxonsiH

ITotpebHOCTs B OoOjee OBICTPOW W HANESKHOM Iepepade IaHHBIX MpUBENa K
pa3paboTke BBICOKOCKOPOCTHBIX cucteM Serliazlier/Deserializer (SerDes). Oti cuctemsl
UCIIOJIB3YIOTCS B IIUPOKOM CIIEKTpE NMPHIOKEHHH, BKIOYasi BBICOKOIIPOM3BOANTEIBHBIC
KOMITBIOTEPBI, TEJICKOMMYHHKAI[MOHHOE O0OpYIOBaHHE M LEHTPbl 0OpabOTKH IaHHBIX.
OnHaKO BBICOKHE CKOPOCTH, MCIOJIb3yEMbIE B 3TUX CHCTEMaX, TaKKe MOTYT MPUBECTH K
OTpPaHUUEHUIO MPOITYCKHOM CITOCOOHOCTH BO BpeMs Mepeaadyu AaHHbIX. [ pemenus sTon
npoOJIeMbl paccMaTpHBAECTCsl YETHIPEXYPOBHEBAs MMITYJIbCHO-aMIUIMTYAHAS MOAYJISIINS
(PAM4), obecnieunBarommiast 0ojice BBICOKYIO CIIEKTPaTbHYIO0 3()()EeKTHBHOCTh, MECHBIIHC
notepu Ha vactoTe HaiikBucra m Oojiee HU3KYIO TaKTOBYIO 4YacTOTy IO CPaBHEHHIO C
MPOCTBIM JIBONYHBIM 0€3B03BpaTHBIM K HyN0 (NRZ) curnamom. Peanmzanms momynsiyn
PAM4 mnpuBena K pa3pabdOTKe pa3IWYHBIX CTAHAAPTOB BBICOKOCKOPOCTHOTO BBOJA-
BBIBOJIa. YUNTHIBAas 3TH W3MEHEHHMS, JIMHEHHOCTh CHCTEMbI CTajla OZHHUM M3 OCHOBHBIX
(hakTOpOB, OrPaHMYMBAIOLIMX €€ MPOU3BOAMTENHLHOCTE. C yu€TOM BBIIIECKA3aHHOTO
KpaliHe Ba)XHO pa3paboTaTh METOJIbl, HAIPABJICHHbIE HA YCTPaHEHUE 3TOTO OrPaHUYEHHMSI.
[IpencraBnen MeToJ YJydlIEHHs JHMHEHHOCTH BBICOKOCKOPOCTHBIX JIBYXPEKHMMHBIX
aHAJIOTOBBIX MPUEMHHMKOB. DTH NPUEMHHUKH XapaKTEePU3YIOTCsI CIIOCOOHOCTHIO paboTaTh Ha
BBICOKHX YaCTOTax W 00ecneyrBaTh BHICOKMH YPOBEHB IIEIOCTHOCTH CHTHANA, YTO UMEET
pemiaroniee 3HaUCHNE JJISI TOCTHKEHNS! BBICOKUX CKOPOCTEW Iepeiaun JaHHBIX U HU3KOTO
YPOBHS OIIMOOK B BEICOKOCKOPOCTHBIX CHUCTeMax. J[ByXpeKMMHbIE TPUEMHUKH PabOTAIOT
kak ¢ moxmyminuedr NRZ, tak m ¢ PAM4. OOcyxmaroTcsi KIIOYEBHIC MPEHMYIIECTBA
BBICOKOCKOPOCTHBIX ~NPUEMHUKOB, TakHe Kak oOecredyeHHe BBICOKOTO  ypPOBHS
LEJIOCTHOCTH CUTHaJIa, TOMOJIOTHH CXEMBbI, PeXXHUMBI paboThl U paboyne XapaKTepHCTHKH.
Hcnonp3oBanne mpeaios)keHHOTo MeToa yaydmiaer RLM Ha 6% u Touky cxatus 1 ob Ha
119 mB B TUIIMYHOM IIPOLIECCE, YTO MPHUBOAUT K YBEINUEHHIO TUIoaau Ha 7%.

Knroueswie cnoea: SERDES, y3en nepenarunka, TMHEHHOCTb, [IEJIOCTHOCTh CHTHAIA,
npréMHBIHN y3er, Mmoxyssimust, RLM.
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