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THE CLOCK DUTY-CYCLE CORRECTION CALBRATION METHOD
FOR HIGH-SPEED TRANSMITTERS

In modern high-speed SerDes systems, maintaining optimal clock quality is critical
for ensuring data integrity and system reliability. This paper presents the TX delay-loop line
(DLL) clock duty-cycle correction calibration method intended to respond to challenges
coming from increased data rates and high-frequency clocks. The proposed method calibrates
the duty cycle of the transmitted clock, minimizing jitter and skew that can lead to duty-cycle
distortion (DCD), inter-symbol interference (ISI) and greater bit error rates (BER). Through
several simulation tests and validations, it is shown that the method effectively improves
the clock quality, particularly the duty-cycle, thereby enhancing the signal integrity and
system performance in demanding high-speed communication environments. This work
underscores the importance of precise clock duty-cycle correction in achieving robust and
efficient SerDes operation at gigabit and beyond data rates. The proposed method covers
roughly £6.5% of the duty-cycle correction range. Through simulation results we encounter
horizontal eye-opening improvement at transmitter differential output by ~5ps for the 64
Gb/s data rate. The proposed method leads to 3.8% area increase.

Keywords: duty-cycle, calibration, eye opening, comparator, ISI, BER.

Introduction. There’s continual push for higher data rates for the current
high-speed serial links to support modern applications like 5G, cloud computing
and data centers. As data rates increase, various challenges occur, such as power
efficiency, noise immunity and signal integrity. To keep up with the pace and have
the higher data rates within the same bandwidth range, the current trends use Pulse
Amplitude Modulation (PAM4) over the Non-Return to Zero (NRZ) signaling.
Since PAM4 can transmit more data over existing channels without requiring
additional bandwidth, it maximizes the utilization of available channels, which is
critical in environments where bandwidth is limited. It also provides higher
efficiency, less loss at high frequencies, and enables to use slower clock rates than
regular binary communication. Despite these advantages, it’s worth noting that
PAM4 also brings to table some challenges, such as increased sensitivity to noise
and reduced signal-to-noise ratio (SNR) due to limited distance between levels.
Additionally, the design of the transmitters and receivers’ circuitries are
significantly more complex for the PAM4 than for binary signals. Fig.1 illustrates
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the block diagram of the high-speed SerDes systems [1]. Transmitters must
generate multiple voltage levels and maintain signal integrity to avoid introducing
distortion. On the other hand, receivers side need more advanced circuitry to
accurately detect and differentiate between closely spaced amplitude levels.
Advanced equalization techniques are to have to fight against inter-symbol
interference (ISI). In the receiver side the most common blocks for this purpose are
the continuous-time linear equalizer (CTLE) and decision feedback equalizer
(DFE). CTLE is useful in canceling both pre-cursor and long-tail inter-symbol
interference (ISI), but CTLE amplifiers must be designed with sufficient bandwidth
and linearity to support PAM4 modulation [2]. DFE is highly effective against ISI
and effectively cancels it out by using previous decisions about transmitted
symbols to predict and subtract their effects on the current symbol. By mitigating
ISI, DFE can improve the effective SNR which leads to reduced bit error rates
(BER).
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Fig.1. The block diagram of the high speed SerDes system

The TX architecture can be generally categorized by a voltage mode driver
(SST) or a current mode driver (CML). Although SST driver’s power consumption
is substantially smaller than CML driver’s power, the data path and clocking power
may not show meaningful difference between the two architectures, especially for a
high data rate systems such as 112 Gb/s. The SST architecture is more preferred
under a limited supply level < 1V, since the data path can be fully CMOS [3]. The
quarter-rate 4:1 multiplexer (MUX) is popular for the last serialization stage due to
its relaxation on the timing constraint and low-power consumption in the clock
path than the half-rate structure [4].

For that purpose, input clocks for the 4:1 MUX should be accurately skewed
by 1UI from each other. To generate the required phases, delay a line loop (DLL)
is used which receives differential clocks from the phase-locked loop (PLL) and
generates the required phases for the driver and serializer. In advanced modulation

schemes like PAM4, where signal levels are closely spaced, any timing error can
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lead to significant data errors. A precise clock path is essential for ensuring the
correct sampling of the digital signal levels. For that purpose, in this article we are
going to introduce a calibration method of the duty-cycle correction for the DLL
clocks, which can significantly improve the transmitters ISI and BER consequently.

Problem description. As discussed previously, a good clock path quality is
an essential attribute for the high-speed data transfer in the modern serial link’s
transmitter (Fig.2). As the clocks are being generated from the PLL and being
transferred to the TX through the routes and multiple logic circuitry, the degradation of
its quality is unavoidable. Additionally, PVT (process-voltage-temperature) variations
make it harder to maintain the desired merit consistent.
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Fig.2. The transmitter’s simplified block diagram

Such imperfections coming from circuitry and PVT variations lead to duty-
cycle-distortion of the clocks (DCD). Its impact even more crucial for the high-
speed clocks (7/8/10 GHz, depends on the data rate). Moreover, as the frequency of
the clock increases so does the jitter coming from the different noise sources, such
as: thermal, shot and especially switching noise.

A distorted clock at the driver stage can potentially lead to the data/bit
errors. The impact of the stated can be measured in a different way, but the most
straightforward and applicable way is to look at the eye opening in the two most
critical points of the data path. The first one is the output of the 4:1 sterilizer in the
driver, and the second one is the output of the driver itself. The impact would be
instantly noticeable at the 4:1 MUX output where the data sent can be disrupted to
the point of no return. It is because the data alignment is being done inside the
MUX at the highest clock frequency (and the output data after this stage is in the
Nyquist frequency). The second point of the measure, the driver’s output, gives
more general understanding of the system performance, where not only clock path
delivers its enormous impact, but also part of the quality is being determined by the
transmission channel, output impedance termination, and applied equalization.
Thus, the impact of the proposed improvements will be measured in the two points

discussed.
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The proposed architecture. PLL and DLL are the two major blocks
delivering the required clocks with the needed phases and frequencies. On the
DLL-to-driver path an additional buffer tree is inserted to ensure proper drivability
and CMOS level clocks at the input of the 4:1 MUX’s.

The basic DLL loop consists of a controlled delay line, a phase detector (PD)
and a low-pass filter. To control the duty-cycle of the clocks at the output of the
delay line, the analog inverters are being inserted into the loop (Fig.3).
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Fig. 3. Duty-cycle correction circuit based on analog inverter

The Ic current is inserted into the inverters input feedback node, in order to
control its transition time, hence affecting duty cycle at the output. The required
currents are generated through the current DACs. The proposed method helps
choose the required codes for the DACs.

The proposed method. So far, we have the DCC correction block (analog
feedback inverter) and the current DACs to control the required insertion input
currents for the inverters. To have a detection/decision making loop, we need a
feedback loop which will adjust the DAC codes. The block-diagram of the loop is
shown below (Fig. 4).
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Fig. 4. The block diagram of the duty-cycle correction calibration method
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At the output of the DCC inverters, a low-pass filter is placed. It integrates
the clocks and sends the obtained voltage levels (VDD/2) to the comparator. The
comparator’s reference node is being connected to the VDD/2, which is being
generated through a precise DAC, serving as a reference for the system’s various
calibration and adaptation algorithms. A 10-bit current DAC is used for the calibration.

After the comparison is done, the results are saved in the 10-bit SAR shift
register We start the calibration from the DAC's middle code, thus, the register's
starting position should be 512. It is the most convenient starting point for
calibration in order to keep the number of repetitions to a minimum. The output of
the register will be decoded and returned to the DAC. The output of the register
will be decoded and sent back to the DAC. We also need to close the loop once the
calibration is complete. For this purpose, each clock cycle of the comparator is
counted, and once the required cycle step is completed, the "cal done" signal is
sent to the digital control block, which controls all the PHY's calibration and
adaptation processes. The calibration process ends when the "cal done" signal
equals "1".

Results. To verify the impact of the proposed method, three different tests
were performed. The first and most straightforward test measures the DLL output
clock duty-cycle before and after the calibration process. Fig. 5 shows the duty-
cycle before the calibration process, and it is equal to 54.7%.
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Fig. 5. The clock’s duty-cycle before calibration

After implying calibration, the duty-cycle is being improved by 4.8%,
resulting in 49.9% (Fig. 6).
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Fig. 6. The clock’s duty-cycle after calibration

Overall, DACs (calibration) cover roughly +6.5% duty-cycle correction range.

As stated, the clock quality will greatly impact on the final 4:1 serialization.
Thus, the next verification is a transient simulation where we can see the data eye
diagram after 4:1 MUX serialization (Fig. 7).
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Fig. 7. 4:1 MUX output eye diagrams before and after calibration

The left diagram is the eye before the calibration and the right one, after.
Before the calibration, due to distorted duty-cycle of the clock, the eye diagram is
“jittery”, resulting in double crossing points and relatively closed horizontal
opening (29.4ps). After the calibration, the eye quality improves in terms of jitter
and horizontal opening (31ps).

Finally, TX differential output eye openings were obtained to understand the
impact in the final stage (Fig. 8).
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Fig. 8. TX output eye diagrams before and after calibration

We can see that the “jittery” eye diagram shown in Fig. 7 results in the poor
quality of the eyes in the TX output. The horizontal eye openings are smaller by
almost 5ps for all three eye openings compared to the obtained diagrams after
calibration.

The added circuitry increases area by 3.8%. However, the comparator and
DACs are regarded as general-purpose devices in the PHY. They are used for a
variety of calibrations and PHY adaptation.

Conclusion. The TX DLL duty-cycle correction calibration method has been
described. The method improves the duty-cycle of the clocks and allows
calibration/correction in a +6.5% range. The simulation results show that after the
calibration, for the typical test case scenario, the duty-cycle is improved by 4.8%.
This results in significant improvements in both the 4:1 MUX output stage and the
TX output stage. MUX output horizontal eye is improved by 1.6 ps. TX differential
output has been tested for the PAM4 modulation at 64 Gb/s data rate. Horizontal
openings are improved by approximately 5 ps for all three eyes. Schematic updates
result in a 3.8% area increase. The proposed method can be used in modern high
speed TX designs.
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L.7. 20unNe3un

SUUSUINrUUL ULTULTCULP 8hULPh ZUUUUUULNRE3UL
Yureuadneuuy YULPLLUSUTUL UBeNY UNrUGUSNC0 2UNNMYh2
ZUuaeNer38uElrh Zuuurs

dJudwbwlulhg wpwqugnps SerDes hwdwlwpglpnid wmwlunuyhtt wqpuowih
npulh wuwhywinudp Jupbnp tpwhwlnipmnit muh wfjujubph wdpnpowjuunipjuu b
hwdwlwpgh hntuwhnipjut wywhnydwt hwdwp: Lipjuyugyws £ hwunnpphy hwignygh
huwyundw géh muljnuwyhtt wgnupwuh jupquynpiwt juihppugdwt dbpnn, npp bw-
Jwwinbugws E wpduquiphint dpnwybu wénn wjupikph thnjuwbgduh wpugmpyub b
pupdpuwhwdwiuljul muljunuhtt wqpuipwitht wetsnn pughpubpht: Unwewplyny dk-
P Juwnwpnud £ wnwlnught wgqubpwih ghlh hwdwdwubmppub jujhppugmd’ wgu-
qlgubiny mqnuupwih pppnngp b gbnnudp, npnup Yupnn kb hwigkgut) ghlih hwdwdwu-
unipjut ubnupnipdwi, dhotuhouyhtt dhpwdnnipju (ULU) b phpuyhtt ujpwjwubph: Uh-
Unijjughnt phuntph b thnpdwpwpului htnmwqunipniutbph wpyniupmd Gpunwd E, np
Ubkpnnyh buluinpbh pupdpudwgingmd E nuluught wqpuiywbh npulp, dwubu]npuugbu’
ghlyih hwdwdwutunipiniup, gpwunyg hul pupkjudtng wqputpwith wdpnnowljuinipiniut
nt hudwlupgh Juwnwpnnuliuinipniip pupdp wpwuqugnpsmipjudp hwnnppulgdwi
hwtgnygutipnud: Upfjumwnwupnid pungdynid E mujunughtt mqnupwith ghlih hwdwdwu-
tmpyut &qpn jupgquijnplwi ptpp’ ghquphp b wilth pupdp wjjuguph hojuwbglub
wpuqgnipniiibph nhypnid hntuwh b wpynibwdbn hwnnpyhs-punniuhy hwignygh wo-
Juuwnwph hwdwp: Ukpnpt wyywhnymud £ dninunpuytu +6.5% ghljjh hwdwdwutnipe-
jut Jupqunpdwi whpnyp: ®npdkph wpyniipubph hwdwdwyl' hwynphs hwignygh k-
puyht nhdlpktighuwy wsph hnphgniuljwt pugdwspp puptuyyty k Sup]-ny 64 ApA] nyu-
ubph thnpwbgdwt wpugnipjut phypnid: Unwewplyny dkpnnp hwigkgunid | dwlkptkup
3.8% Ukswuglwl:

Unwigpuyhl pwpkp. ghljih hadwdwutnipeiniy, juhppugnid, wsph pugjusdp, hw-
Ubkdwwnhs, ULU, phpwyhtt upnwjwbp:
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JJ. AKOTISTH

METOJ KAJIMBPOBKU KOPPEKIIUU TUCBAJIAHCA 1O
JJINTEJBHOCTHU TAKTOBOI'O CUT'HAJIA JIJIA
BBICOKOCKOPOCTHBIX IEPEJATYHUKOB

B coBpemeHnHbIX cucremax BbIcokockopocTHbIX SerDes (Serializer/Deserializer) non-
JepKaHue ONTHMAJIBHOTO Ka4eCTBa TAKTUPOBAHMUS SABJISIETCSI KPUTHUYECKH BaXKHBIM JUIs 00€ec-
MICUEHMs] LIEIOCTHOCTH JAaHHBIX W HAJEKHOCTH CHUCTeMbl. B maHHOI pabote mpexacrasieH
METOJI KATMOPOBKH C MCTIOIb30BaHUEM 3aneprkku 1o uaun (DLL) mis koppekunn Gopmbl
CHTHAJIa TAKTOBOT'O CHUTHAJIA C yYETOM AMcOanaHca Mo JIUTENTbHOCTH UMITYJIbCOB, IIPEeIHA3-
HauYeHHBIN JUI pearnpoBaHUs Ha BBI30BBI, CBA3aHHBIE C POCTOM CKOPOCTEH Iepenadu AaH-
HBIX U BBICOKOYACTOTHBIMU TAaKTOBBIMH CHUTHaslaMHd. [IpeyioKeHHBI MeTox HaleleH Ha
KOPPEKLHUIO KO3 PHIIMEHTa 3all0JHEHUs] TAKTOBOTO CUTHAJIA, MUHUMH3ALUIO JUKUTTEpa U
CMEIICHNUS, KOTOpPBIE MOTYT IPUBECTH K UcKaxeHHIo (opmbl curHana (DCD), MeskcuMBOITB-
HeIM nomexam (ISI) u yBenmuenuto ommbok nepenaun (BER). Ha ocHoBe HeckoibKHX
TECTOB W IPOBEPOK C MOMOIIBI0 MOZCIUPOBAHHUS MOKa3aHO, YTO JaHHBIA MeTox 3((PEKTUBHO
yIIydIlIaeT KaueCTBO TAKTUPOBAHUS, OCOOCHHO KOA((UIMEHT 3aM0IHeHNUS, TEM CaMbIM I10-
BbIIIasl IIEJIOCTHOCTh CHTHAJa M MPOHU3BOIUTEIBHOCTh CHCTEMBI B YCIOBHSAX BBICOKOCKO-
POCTHO# Tepenadyn JaHHBIX. [lomdepkuBaeTcss BaKHOCTh TOYHOW KOPPEKIUH aucOamaHca
10 JITENHHOCTH UMITYJIBCOB JJIS TOCTKCHUS HaIexKHOH 1 3 dekTuBHON paboThr SerDes
Ha CKOpOCTSIX B ruraburax M Beime. [IpenioskeHHbIH METOl OXBaThIBACT MPUMEPHO IHAIa30H
Koppekuuu +6,5% oT MmoJHOro auarna3oHa. B pesynbraTe MomenmpoBaHus 3aMKCHPOBAHO
yJIydIlleHne TOPU30HTAIBHOTO PacKpBITHS I1asa (eye-opening) MpUMepHO Ha 5 nc NpH Iie-
penaue JaHHBIX CO CKOPOCThIO 64 [Oum/c. Peanu3anust 7aHHOTO MeTOJia IPUBOAMT K yBe-
JIMYEeHUIo iomanu Ha 3,8%.

Kntoueevie cnosa: nnutenbHOCTH UMITYJIbCA, KalUOpalys, pacKpbiTHE Iia3a, KoMIa-
patop, ISI, BER.
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