ISSN 0002-306X. Proc. of the RA NAS and NPUA Ser. of tech. sc. 2023. V. LXXVI, N1

UDC 621.382 MICROELECTRONICS
DOI: 10.53297/0002306X-2023.v76.1-77

H.T. GRIGORYAN

THE EYE OPENING IMPROVEMENT METHOD FOR A HIGH SPEED
CURRENT MODE LOGIC DRIVER

A bandwidth improvement method of current mode logic (CML) drivers, of the
integral circuit type specifically designed for high-speed serial data transmission systems is
presented. These drivers are characterized by their ability to operate at high frequencies and
their ability to provide a high level of signal integrity, which is critical for achieving high
data rates and low error rates in high-speed systems. The key advantages of CML drivers
such as providing a high level of signal integrity, the circuit topologies, operating modes,
and performance characteristics are discussed. Furthermore, the challenges and limitations
of CML drivers, as well as the recent advances in the field that enables the use of CML
drivers in high-speed systems are also discussed. A driver constructed by the proposed
method operating at 112 Gbps in PAM4 modulation consumes 9 mW under 0.9 V supply.

Keywords: SERDES, transmitter, current mode logic, signal integrity, receiver,
modulation.

Introduction. The growth of industries such as Al and cloud computing has
created a need for faster ways to connect integrated circuit chips. The data center,
which houses many servers, can be thought of as the brain of Al and the technology
that allows data to flow freely between servers within the data center can be thought
of as its bloodstream. Currently, a technology called Serializer/Deserializer (SerDes) is
commonly used for high-speed data transmission. It has several benefits over parallel
interface, as it reduces the number of pins on a chip and uses equalization to
counteract the signal loss at high frequencies. Due to these benefits, SerDes is now
the primary solution for high-speed wireline data transmission.

As the need for faster data transmission grows, designing a transmitter that
can handle high-speed signals with minimal distortion and loss becomes a key
technical challenge. This is because the transmitter consumes the most bandwidth
and requires the highest clock frequency of any circuit. If the transmitter cannot
transmit high-speed signals effectively, it will be difficult to recover the signal at
the receiving end due to the channel loss and degradation. Therefore, designing a
low-power and high-performing transmitter is an important aspect of the SerDes
design.

The advancements in technology have allowed for improved high performance
I/O circuitry, but the bandwidth of electrical channels used for communication
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between chips has not kept pace. This highlights the importance of considering
four-level pulse amplitude modulation (PAM4), which offers higher efficiency, less
loss at high frequencies, and slower clock speeds compared to traditional binary
signaling. This has led to PAM4 being implemented in various high-speed /O
standards. To support PAM4 modulation, recent developments in current-mode,
voltage-mode and hybrid transmitters, as well as in analog-to-digital converter-based
and mixed-signal receivers have been made [1]. However, PAM4 transceivers require
more stringent circuit linearity, better equalizers for multi-level interference
cancellation, and improved sensitivity compared to systems that use NRZ signaling.

On the transmitter side, using source-series-terminated (SST) voltage-mode
drivers allows for the high output swing required for PAM4 modulation with high
linearity achieved up to differential output swings equal to the nominal output stage
supply. Advanced hybrid drivers that employ current boosting can further improve
the output swing. Voltage mode drivers also offer reduced static power consumption
relative to current-mode drivers, although at higher data rates this advantage becomes a
smaller percentage of the total transmitter power consumption. This is due to large
clocking power and the use of output-stage segmentation for equalization setting
and impedance control. This segmentation can introduce on-chip interference and
results in increased output stage area and power. Another important aspect of the
transmitter is the final serializer, where efforts have been made to minimize power
consumption in both current-mode and voltage-mode implementations. Additionally,
equalization is often also necessary to improve the signal quality.

Current mode logic driver. Fig.1 (a) below shows the circuit of the basic
circuit of the CML driver for the NRZ operation.

Fig. 1. (a) a CML driver for NRZ operation, (b) a CML driver for PAM4 operation

Differential serial data is coming to input devices M1 and M2 accordingly.
When input of the M1 transistor is logic 1 and for M2 logic zero the whole I
current will flow through the left branch, and the voltage levels at the output will
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be Vp — IR for tx_m and vp for tx_p. The diifferential peak-to-peak voltage will be
txp — txm = IR — (Vp — IR) = 2IR.

To allow PAM4 operation intermediate voltage levels should be introduced.
For that tx_p should be reduced to some extent and tx_m must be increased by the
same amount. To do so, Al current must be extracted from the left side and the
same amount should be added to the right side. With this voltage level (I — 2AI)R
will be obtained. If the Al current is subtracted from the right branch and added to
the left branch (—I + 2AI)R, the voltage level will be obtained. All 4 voltage
levels are shown in Fig. 2.

IR

(1- 2A0R
_________________ 0

(-1 + 2A1R

-IR

Fig. 2. The voltage level during the PAM4 operation

To perform current substruction approach in Fig.1 (b), can be used. Input
transistors are split into 2 parts. Those 2 parts should be binary weighted. The 6x
transistor is split to 4xMsb and 2xLsb. When both MSB and LSB are logic one or
both are logic, 0 similar to NRZ voltage levels is achieved. Let’s consider Msb = 1
and Lsb = 0 case. In this case 21/3 current will flow through the MSB transistor and
/3 current will flow through the LSB transistor. For this scenario Al current from
Fig. 2 is equal to 1/3. Voltage levels for all possible MSB and LSB combinations
are shown in Table.

Table
Voltage Levels
MSB LSB tx_m tx_p V_diff
1 1 Vp — IR vp IR
! 0 Vp—(2/3)*IR | Vp—(1/3)*IR IR/3
0 1 Vp—(1/3)*IR | Vp—(2/3)*IR —IR/3
0 0 vp vp — IR —IR

Problem description. In modern architectures final 4x1 serialization is
performed using quarter rate clocks [2, 3]. The last 4-to-1 serializer plays a crucial
role in a quarter-rate transmitter, as it should provide enough bandwidth to support

the full-rate output.
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Fig. 3. The block diagram of the divider

However, it can be difficult to achieve this using conventional pass-gate
serializers, which have reduced drive strength due to the effective stacking of
transistors at the high self-loading output node. The dynamic NAND pre-drivers
(Fig. 3) use the input data to qualify a pulse defined by adjacent quarter-rate clock
edges, allowing the tri-state inverter-based mux to drive the full-rate output node
through only one transistor, similar to a simple inverter, with the input data
activating one of the PMOS/NMOS devices [1]. This approach is used for series
source terminated voltage driver. As for the current driver, an example how 4x1
serialization and final summation is performed is shown in Fig. 4.

[data_p<3> Tdata p=2> [dzta pe1> [data p=0> |— L[t <> [date_m=2> | data_m=1> data_m=0 |
[l [ ckis0 | eld0 | o |— M3 M4 1 70 | okiS0 | chkB0 | a0 |
|0 [ el270 | ckISD [ k80 | | k0 | o270 | oS0 | od0 |
x4 x4
L L

@

Fig. 4. Current mode driver with 4x1 mux

In the CML, driver current should be steered in the left and right branches to
obtain corresponding voltage levels. To properly steer tail current there should be
enough voltage swing in RL resistors. If the swing on RL resistors is small residual
current will make differential swing voltage smaller. If swing across RL resistors is
high, current source will be pinched off for a short period of time. This results in
peaking of the output current. Because of the abovementioned issues, the bandwidth
degrades over the process, voltage, temperature variations and vertical eye opening
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become smaller. This has a direct negative impact on the Bit Error Rate (BER) of
transmitter.

The proposed method. Because of the process voltage and temperature
variation swing on RL resistors can vary. To compensate that variation, calibration
method is proposed. A current mode logic driver with summing node calibration is
shown in Fig. 5. An additional current source is introduced which steers the current
in the secondary differential pair. The amount of this current can be controlled by a
code. Also, 1bit resistance control is added.

1-bit control 1-bit control
RL RT RT RL

dats_p<3> |data_p<2> | data_p<1> [data_p<> { [data_m<3>[data_m<2> | data_m<1> |data_m=0>
k270 | ckign k30 ko | M3 M4 I clk270 cik180 = ko
ko k270 | o180 | cikeD 7 clkD k270 | dkiB0 | cksO

x4
; % 5-bit control

Fig. 5. Current mode driver with 4x1 mux

When calibration starts all data p bits are logic 1 and data_m bits are logic 0.
RL resistors have 1 bit control with load sel parameter. When it is set to 1 a
parallel resistor is connected to the RL resistor and its resistance becomes smaller.
In the initial phase of calibration, this bit is set to 1. Curr_code parameter defines
the code for the summing node current source. At the beginning, this code is at its
middle value. After the initialization process tx out p net is compared with
reference voltage which can be set by DAC. If tx_out p is bigger than reference
voltage defined by DAC, calibration is ended. There is a check is curr _code on its
maximum available value. If no curr code is changed, use the binary search
algorithm. In case of maximum curr _code, load_sel parameter is checked and in
case of the value 0, the calibration process ends. If the value is 1, it is set to 0 and
the curr_code again is set to its middle code, and the calibration process starts by
comparison of tx_out p and dac_ref voltages.

The verification results of calibration algorithm for typical corner is shown
in Fig. 6.
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Fig. 6. Summing the node calibration process

Simulation Results. In Fig. 8, two eye diagrams are shown which are obtained
via Hspice simulation [4]. The left one is captured using the circuit in Fig. 7 and the
right one is captured with the version which includes the described method. As seen
from the Figure, the right one has a bigger eye height compared with the left one.
Vertical eye opening for the left one is 513 mV. For the right one, vertical opening
is 635 mV. The opening is improved by 122 mV. Simulation was performed for the
slow corner, low supply voltage using the SAED14 nm FinFet technology [5]. For
this specific corner calibration code is 27 and load_sel is 0. That means that a parallel
resistor is enabled and the overall resistance of RL is smaller. For typical corner
code is 15 and load sel is 1. After checking for multiple critical cases no corner
was identified for which code range is not sufficient to cover required operation.

Fig. 7. Eye diagrams for transmitter NRZ mode7

Similar verification is performed for the PAM4 operation as well. Fig. 8
shows the difference of all 3 eye openings again for the slow corner with low
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supply voltage. As seen from the Figure, the upper eye vertical opening increases
by 28 mV, the middle eye opening increases by 33 m} and lower eye opening
increases by 34 mV.

Fig. 8. Eye diagram for Transmitter PAM4 mode

Conclusion. The driver with the proposed method improves the eye vertical
opening for NRZ and PAM4 operating modes. It can be used in modern SERDES
drivers. For simulations, SAED 14 nm FinFet technology is used. By implementing
this method, the current consumption for the driver unit decreases by ~100 u4
without having a negative impact on the output eye opening. The area of the driver
with the implemented method increases by 10.6%.
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2.8. arrenr3vy

U2£LP AUSYUDLP LUYUSUUL UteNY ULUQUSNrO ZOUULRE EFhUNY
sSuLNN, zZULeNh3sk ZUUULC

Thuwpyynd £ hnuwtiph nkdhuny mwbing hwbgnygh (20:S2), npp hunkqpuy ujutdugh
nbkuwl k, hwnnl) twwgsdws wpugpipug hwenpuljut nyjuutph hnppowgdw hw-
dwwupgbph hwdwp pnpnibwlnipyut pupbjuudut Ukpnn: Swinn hwiugnygubpp puni-
pugpynud Eu pupdp hwdwpwljwinipnibttipng woupwnbint b wqpuowith wdpnnowluu
pupdp dwjupnul wywhnybne ntbwlnipyudp, hugp Juptnp E pupdp wpugnipyu hw-
dwupgbpnud mdjuubph pupdp wpugnipyut b ujpwh gusp dwljuppulh hwubbne hw-
dwp: Lutwpynud ku 20:SZ-ubkph hpltwlwt wnwbnipniuubpp, husyhupp b wqnu-
owtth wdpnnowjuimpjut pupdn vwljuppulijh wywhnynudp, ujubdwgh imnwyninghwubkpp,
wpuwnwiipuwhtt pdhdubpp b junwpnpujwb pinipugpbpp: YEpnusynud o bwl 206S2-
utph twhwgsdwt dwpnwhpuydbpttpt nr vwhdwbwhwlnudubpp, hyybu twb npnpunp
Jtpohtt wnwgpupwgutpp, npnup htwpwynpnipini ki tmwhu oqunuugqnpsty 20:S2-u pupdp
wpugnipjudp hwdwlupgbpnud: Unwowplyny dbkpnnyny hwnnpnphsp, nptt woiwwnnd
112 Qppp/y mpugnipjudp MUU4 dnpnippughugh phypnid, vwuwenid £ 9 #<w 0,9 o jup-
dwt nwl:

Unmuiigpuyhll punkp. SERDES, huinnpnhy hwiignyg, hnuwuph nkidhdh inpudwpuitin-
PNy, wqnuipwith wdpnnowlwuntipenil, pugniuhy hwignyg, Unpnijjughwu:

A.T.TPUT'OPAH

METO/I YJIYUYIIEHUS OTKPBITUS [JIA3BKOBOM JUATPAMMBI JIJISI
BBICOKOCKOPOCTHOI'O JIPAMBEPA C JIOTMKOM TOKA

[IpencraBinen MeTON yIydLIEHHs ITPOITYyCKHOW CIHOCOOHOCTH JpaifBEpOB C JIOTMKOH
toka ([JIT) Tuna WHTErpaabHON CXEMBI, CIICUATFHO Pa3pa00TaHHOM ISl BRICOKOCKOPOCT-
HBIX CHCTEM II0CJI€ZIOBAaTEIbHON Nepeaayn JaHHbIX. DTU ApaiBephl XapaKTepu3yrTCcs CIo-
COOHOCTBIO PabOTaTh HA BBICOKMX YacTOTaX M OOECIEYNBATH BBICOKHH YPOBEHb LIEIOCTHOCTH
CHUTHAJIa, 9TO MMEET pelIaoniee 3HaueHIe U TOCTHKEHUS BEICOKUX CKOPOCTEH mepenaun
JAHHBIX W HA3KOT'O YPOBHS OMIMOOK B BRICOKOCKOPOCTHBIX cucTeMax. OOCYKIAIOTCs KITFO-
YyeBble MpenMyIecTBa apaiiBepoB JJIT, Takue kak oOecriedeHrne BRICOKOTO YPOBHS IIETI0CT-
HOCTH CHUTHAJIA, TOTIOJIOTHS CXEMBI, PKUMBI padOTHl U paboure xapakTepucTuku. Kpome
TOTO, PacCMaTPHUBAIOTCS MpoOIeMbl u orpanudeHus npavisepoB JJIT, a takxke mocinemaHne
JOCTIXEHUSI B 00J1aCTH, KOTOPBIE MO3BOJISIIOT MCNob30Bath Apaiisepsl 1JIT B BEIcOKOCKO-
pocTHBIX cuctemax. I1oCTpOeHHBIH NpeIoKeHHBIM METOAO0M IepelaTyrK, paboTaromuit
Ha ckopoctd 112 I'bum/c B momymsiuun ITAM4, notpebnser 9 mBm npu HanpsHKeHUH
nutanus 0,9 B.

Kniueewte cnosa: SERDES, y3en nepenatuvka, JOTMKa TOKa, IEJIOCTHOCTh CUTHANIA,
y3eI IpUeMHHKA, MOIYJIISIIHS.
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