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With the development of cloud services and mobile contents businesses, data traffics

to be handled in data centers are increasing every year. Within the data center, optical

interconnection is one of the attractive solutions as it has very low channel loss. An 850-

nm Vertical-Cavity Surface-Emitting Laser (VCSEL) based short reach optical link is

being actively developed because it is inexpensive and can have a relatively high data rate.

Non-return-to-Zero method, which is a direct modulation method, has been traditionally

used. Recently, Pulse Amplitude Modulation level-4 (PAMA4) signaling has been used as a

method to increase data-rate. Since VCSEL is a semiconductor laser diode that can be

produced on a wafer basis, it has advantages of the price, but has disadvantages such as

non-linear properties, processes and temperature variations.

In this paper, | would like to analyze various properties necessary to operate 850 nm

VCSEL at high-speed for optical interconnection. The VCSEL model for SPICE simulation

was made based on Verilog-A. The s-parameter of VCSEL at various current conditions

and Light-Current-Voltage(L-1-V) data were fitted. The VCSEL driver was designed to

have low power consumption compared to current-mode(CM) structure by using the

vii



inverter-type voltage-mode (VM) driver as a basic structure. Inverter-type gm/gm amplifiers

that have low Total Harmonic Distortion(THD) were adopted and it can control output

resistance by 1°C. Due to the characteristic that DC curve of VCSEL is a non-linear

response, there is a problem that the Level Mismatch Ratio (RLM) may be considerably

low when driving PAM-4. To solve this problem, the driver was designed to compensate

RLM of optical transmitter through pre-distortion at the driver stage.

Key words: high-speed optical link, 850 nm VCSEL, VCSEL SPICE model, VM Driver,

low-power, non-linearity, RLM, pre-distortion
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1. Introduction

1.1 High-speed Optical Interconnects

With the development of cloud services and mobile services, the number of data traffic
which have to handle in data centers(DC) is increasing every year. The datacom and the
telecom markets which provide OTT services, video streaming services in UHD, non-face-
to-face business meetings, e-commerce, social networking, and gaming applications will
continue to be growing.

Optical interconnection in data centers for Datacom and Telecom is a traditionally
promising solution for high-speed data communications. According to market research
report in 2022 by Yole Développement [1], a market research company, the market size of
optical interconnect is expected to become larger and larger as shown in Fig. 1-1.

There are many types of optical interconnection applied in a data center network
architecture. Fig.1-2 shows optical interconnects map for high-speed serial interface. DC-
DC, intra-DC, server-server, module-module, chip-chip interconnects are being developed

towards optimization in each different conditions.



In the DC, efficient interconnection is achieved through SERDES technology. A lot

of low-speed parallel data are serialized into high-speed serial data and transmitted, then

the transmitted high-speed serial data are converted back into a lot of low-speed parallel

data. Because a large number of links can operate at high speed, the DC has advantages in

terms of price by reducing data paths. Nevertheless, since the DC uses a massive

parallelism high-speed link, it is reasonable to configure an appropriate optical interconnect

according to the reach and purpose considering the total cost. As you can see in Fig.1-3,

most of data traffic is within DC [2]. Optical interconnects based on multi-mode fiber

(MMF) have been mainly developed as short reach targets up to 300 m. Among them, the

optical interconnect based on a Vertical-Cavity Surface-Emitting Laser (VCSEL) which

gets a wavelength of 850 nm has been positioned as an attractive solution in terms of cost-

effectiveness. Especially, Multi-Mode(MM) VCSEL is the cheapest one. Since it is a type

of semiconductor laser diode that can be produced in wafer level, VCSEL can be

manufactured as a type of array and has advantages in cost. Additionally, it has relatively

good beam quality and make it possible to configure low system size.



Standard of optical interconnects was defined as ‘P802.3ae’ for 10 Gb/s Ethernet over

fiber by the Institute of Electrical and Electronics Engineers (IEEE) in 2002. Then it has

evolved to 400 Gb/s over parallel multimode fiber as ‘P802.3cm’ which is a standard for

50 Gb/s per channel in 2020. Nowadays, ‘P802.3db’ was defined in 2022 for VCSEL-MMF

links using 100 Gb/s (50 Gbaud PAM-4) signaling. Even though standards of optical links

were evolved up to 100 Gb/s per lane, there are still many challenges as the optical

transmitter in order to obtain both high-speed and optimized performances, such as low

power dissipation, improved signal quality. Especially, as an amplitude-based modulation

scheme such as PAM-4 is used for high-speed interconnections, the Signal-to-Noise

Ratio(SNR) gets worse, so the importance of a well-designed VCSEL driver is growing.



2021-2027 optical transceiver revenue growth forecast
by datacom application
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Fig. 1-1. 2021-2027 Market growth forecast of optical transceiver [1]
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Fig. 1-2. High-speed interconnection map for Datacom & Telecom [1]
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Fig. 1-3 Global data traffic distributions [2]

1.2 Data formats in the optical link

Fig. 1-4 shows two types of representative modulation in high-speed serial interfaces.
In the early days, Non-Return-to-Zero(NRZ) signal modulation was popular considering
channel frequency and complexity. There are only two levels that consist of ZEROs, ONEs.
Therefore, NRZ has relatively low issues about signal processing compared to other signal
modulation formats. These days, Pulse Amplitude Modulation level-4 (PAM-4) is
preferred in this application for more high-speed interconnection. Because PAM-4 signals

have 2-bit information within 1-Unit Interval (Ul), Data-Rate(DR) is doubled compared to



NRZ modulation in the same optical channel.

PAM-4 signals have a strong advantage to jack up interconnection speeds, but it is

three times more sensitive than NRZ in terms of EYE openings because level-to-level

amplitude is become 1/3. Therefore, PAM-4 signaling should be more careful for high SNR

even if it isa TX driver which drives large signal amplitude. Various noises, non-linearity,

and power-hungry are major considerations. Even since there are non-linear properties that

occur in the 850 nm multi-mode(MM) VCSEL, it is important to minimize problems which

make SNR worse.

The modulation bandwidth of 850 nm VCSELSs have been developed for high-speed

optical interconnection and 32.4 GHz is the highest value reported so far in 2022 [3] as you

can see Fig. 1-5. Considering the Nyquist frequency in TX driver, it can be confirmed that

NRZ modulation can have a DR of 64.8 Gb/s and PAM-4 can have a DR of 129.6 Gb/s.

Therefore, in order to satisfy 100 Gb/s per channel in short reach optical interconnect,

VCSEL PAM-4 driving is an attractive signal modulation scheme considering the

modulation bandwidth of existing VCSELSs.
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1.3 Research goals

VCSELs have advantages in modulation bandwidth, system size and cost, but have
non-linear issues. When the VCSEL driver is designed, this issue results in EYE closure.
Especially for high-order amplitude-based modulations such as PAM-4, it brings about
lowering The Level Mismatch Ratio (RLM). Also, EYE degradation due to PAM-4 inner
EYE skew which make it difficult to set a decision point at the Receiver. Therefore, VCSEL
based optical transmitter have to be designed appropriately for mitigating optical properties
causing eye closure for high SNR

Implementing an accurate commercial VCSEL model which has device characteristics,
such as Si1, S21, DC responses at various current conditions, is also important to optimize
the Driver circuit. In most cases, VCSEL industries do not offer specific equivalent SPICE
model to users. Therefore, one of the main research goals was to create a model accurately
emulating the device characteristics of VCSEL based on S-parameter and DC measurement
data. The VCSEL model was built up in Verilog-A language for compatibility with

simulator.



Fig. 1-6 Shows a block diagram of high-speed serial interface with optical link. The

optical transmitter is positioned at TX driver + VCSEL. There are two VCSEL Drivers

proposed which were designed in 28-nm CMOS process and 14-nm FinFET process.

Voltage-mode logic was used as a main topology for low power consumption and single-

ended structure. Drivers have 50-ohm termination at input side for compatibility with TX

Serializer or TX Retimer. An on-chip current source, which is a type of common-mode

feedback (CMFB), was employed for sourcing bias current to VCSEL.

— = |—
—| = Q|—
g : &

x |2 *§. R @) N ** 5 S| Rx
Data 'g Optical PD a Data
5) A VCSEL Fiber g E)

T TX Clk .A'L. .A'A' ]Rx Clk
Clock
Distribution CDR
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|

Reference ! Reference |
—| | pa—
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L } ‘

| |

Fig. 1-6. Entire block diagram of SERDES with optical interconnection



The evaluation board design is also important part of this research. There is
degradation in SNR due to wire-bond inductance which are generated from the packaging
parasitic. evaluation board should be designed to mitigate packaging parasitic that cause
Inter-Symbol-Interference(IS1), Supply Switching Noise(SSN) [4].

In this paper, research on NRZ, PAM-4 850 nm MM VCSEL driver will be described.
The purpose of this research is designing VCSEL driver which has a low power
consumption and high data rate. In order to achieve this research goal, theoretical analyze
about electrical-to-electrical responses with packaging parasitic, and electrical-to-optical
responses are organized. Additionally, VCSEL equivalent SPICE model, low power circuit
architecture for VCSEL driving, and RLM controllable circuits for PAM-4 signaling will

be introduced.

2. Background

2.1 Optical links based on Multi-mode VCSEL

It is important to select an optical device to be used for interconnection considering
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appropriate performance and cost since optical interconnect accounts for a large portion in

data centers. Due to the nature of the data center that uses massively parallelism in link,

cost and performance of each optical devices should be compared reasonably for the total

cost in DC. Fig. 2-1 shows data communication application space. These are parsed out by

transmission reach, fiber type and loss budget for the optical link [5]. MM VCSEL, which

has the advantage of high volume by enabling a wafer-level process like mature CMOS

technology, is a popular optical device in short reach communications up to 300 m.

MMF SMF
» -l -l -
Reach € € i »
Om 100m 300m 500m 1000m 10 km
(a)
Loss '~3d8 ~ ~3d8  ~3-408B . 6.5d8
budget (b)
Technol € »€ e >
o o . s N ) -
BY MM VCSEL MM VCSEL DML, Si Photonics EML = DML

(¢)

Fig. 2-1. Application space in data centers based on (a) transmission reach and fiber type,

(b) loss budget, (c) technology [5]
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VCSEL is a Direct Modulated Laser (DML) unlike Si Photonics, which is an Electro-

absorption Modulator(EAM) and used as a type of Electro-absorption Modulated Laser

(EML). Since VCSEL has a small size configuration which is composed of a single chip,

it has the advantage of being able to configure whole system with a more compact design.

In addition, the optical signal is modulated by the change of injection current, so it has a

low power consumption compared to EML. DML based signal processing goes through the

sequences of ONEs and ZEROs on the optical side which are operated by the modulated

injection current. However, direct modulation changes laser properties such as refractive

index by changes in the injection current, performance degradation may occur due to large

chromatic dispersion at long-reach over 10 km.

VCSEL has a small active region and emit light in a perpendicular direction. Using two

Distributed Bragg Reflector (DBR) mirrors, the cavity is minimized and the threshold gain

is lowered. Because of these advantages, it can be a light source that can be turned on even

at very low currents of several 0.x mA.

As shown in Fig. 2-2, VCSEL has an active region between two DBR mirrors, and each

12



type of DBR is connected to the contact on the top of the VCSEL die. DBR mirrors are

preferred structure because of their advantage in the ease of monolithic fabrication. DBR

pairs in the wavelength band of 850 nm to 980 nm are made of the AlxGayAs series which

are 111-V compound semiconductors. DBR pairs in the 1300-1550 nm band are made by

more complex compounds such as InP/AlGalnAs or InP/InGaAsP [3].

Fig. 2-2. Example of VCSEL structure [3]
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There are several advantages and disadvantages when VVCSEL is used as an optical

device in the optical interconnection. The biggest advantage is that it is possible to produce

large quantities with 2-D arrays because it is a semiconductor laser diode that can be

manufactured in wafer-level processes. In addition, there are advantages for high-speed

interconnects because VCSEL has high modulation bandwidth and relatively good beam

quality. However, there are disadvantages that the output optical power is low due to small

cavity. Since it has high thermal resistance and capacitance, it can be a challenge when

designing VCSEL driver circuit. Additionally, non-linearity issue is also an important

problem when driving VCSEL.

VCSEL has two non-linearities: static non-linearity and dynamic non-linearity. In

PAM-4 signal processing, EYE degradation as shown in Fig. 2-3 can be confirmed as a

result of including these characteristics. Static non-linearity, refers to a non-linear property

in DC that occurs in the light-current (L-I) curve characteristic. The static non-linearity

directly results in decreasing in RLM of PAM-4. Unlike NRZ, it is a critical issue because

PAM-4 signal has four levels of data and linearity degradations lead to inner EYE opening

14



closure which means Bit-Error Rate (BER) degradation. The dynamic non-linearity

represents that the s-parameter properties are changed by current flowing through VCSEL.

Generally, VCSEL has properties that higher bandwidth at higher bias current and more

peaking responses at low bias current [6]. EYE Skew issues between three inner EYEs of

PAM-4 can be possible and data-dependent EYE degradation may occur because the

bandwidth at a low current is lower than the bandwidth at a high current. These

characteristics are fatal problems that result in low SNR. These problems have been

compensated by some methods such as pre-emphasis [7] - [9], n-tap feedforward equalizer

(FFE) [10] - [12], and asymmetric FFE [13] - [15]. However, equalization techniques for

improved optical EYE opening accompany additional power consumption, so decision of

employing equalization technique should be carefully decided considering energy

efficiency and BER.

15



Power (mW)

Fig. 2-3. Feature of Static and Dynamic non-linearity in EYE diagram [16]

2.2 Data transmission through VCSEL

Generally, electrical channels which made in copper have frequency dependent losses
due to skin effect and dielectric losses. However, optical fiber has extremely low losses
such as 0.2 dB losses per 1 km. In addition, MM VCSEL is used for short-reach optical

interconnections (under 300 m) so it is not critical to modal dispersion. Therefore, the main

16



consideration is driving a VCSEL in suitable conditions for high-speed interconnection.

Section 2.2 will deal with impedance properties and transfer function of VCSEL.

The VCSEL is a direct modulated laser which converts injected current to optical

power. Therefore, data transmission process is operated by summation of static bias current

(Inias) @and dynamic current swing (Imod), Which represents modulation current, injected into

PN junction in VCSEL and it is converted into optical power by transfer function of

VCSEL. As you can see in Equation (2.1) - (2.3), important elements to represent transfer

function of VCSEL can be expressed as follows. VCSEL transfer function can be obtained

from rate equation that has been organized by [6].

P icar (T :
Hintrinsic(f) = e ( ) = A fR

Ijunction(f) .fRZ_f2+j(f/27z')7/

Hintrinsic(f) = VCSEL intrinsic Electrical-to-Optical transfer function

Liunction(f) = Current through PN junction (active region) of VCSEL

Poptical(f) = Output optical power which are emitted from the surface of VCSEL

17
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fR =D IVCSEL - Ith (2.2)

y= KfR2 + 7, (2.3)

fr = the resonance frequency
y = damping factor

A, D, K = VCSEL design-specific parameters

As you can see in Equation (2.1), VCSEL intrinsic electrical-to-optical response
consists of second-order transfer function. ‘A’, ‘D’, ‘K’ factors are design specific
parameters. The fr is the resonance frequency of VCSEL. Basically, fr is proportional to
square root of Ivcser-lin (= lbiastImod-lin). The y represents a damping factor that is
proportional to lvcse-lin and square of fr. Therefore, transfer functions of E-O conversion
are various with injected current. Importantly, the closer the current is to I, the more
pronounced the non-linearity caused by the VCSEL transfer function. As it was mentioned
at Section 2.1, the dynamic non-linearity results in data dependent EYE degradation and

various transfer functions of VCSEL E-O conversion are attributed to this characteristic.

18



There are more ringing and bandwidth degradation at low bias current. However, VCSEL

driver is preferred setting low static lniss to reduce total power consumption. For these

reasons, there are certain challenges to design optimized low power system in the VCSEL

based optical transmitter. Although commercial VCSELSs have been developed aiming high

data rate and have various VCSEL properties due to material properties, a non-linear 2"-

order transfer function can be applied. Therefore, it is a common problem to be considered

in terms of optimization of optical transmitter no matter which VCSEL having any

modulation bandwidth is used. Considering typical modulation bandwidth of a VCSEL,

using a low bias current is efficient in terms of power consumption when operating at a

low-speed, and operating at a high bias current is advantageous in terms of bandwidth when

high-speed mode.

19
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Fig. 2-4. VCSEL Electrical elements: 2"-order equivalent model

Fig. 2-4 shows 2"-order equivalent model overview of VCSEL that consists of four

elements. This circuit model is commonly used for representing VCSEL input impedance

[17], [18]. VCSEL major elements can be represented as PAD capacitance (Cpaq) and series

resistance (Rs) from contact to active region, active capacitance (Ca.) and active resistance

(Ra) in active region. Si1 properties of VCSEL varies according to current injections

because C; and R, values are changed by injected current. Therefore, various Sq1 of VCSEL

at each current are used as a Tx Driver load. Values of each circuit elements are calculated

by measurement data of Sy, at various bias current conditions. Also, these are used to design

electrical part of VCSEL equivalent SPICE model.

20



2.3 Driver environments with VCSEL load

Fig. 2-5. Block diagram of Driver to VCSEL electrical network [19]

Zo = Output impedance of VCSEL Driver

Zs = Packaging bond-wire inductance and VCSEL series resistance

Zy = Parallel capacitance and resistance of VCSEL 1%-order equivalent model

Fig. 2-5 shows overall conceptual current driving network for the transfer function of

input laser diode driver current (I pp) to output junction current (l;). The simple impedance

model of VCSEL consists of 4 elements (Cpad, Rs, Ca, Ra) as a 2nd-order model. This

electrical model can be simplified into the first-order model because typically Cpag < Ca and

Rs << Ra. Therefore, the entire system can be interpreted as a 3rd-order system shown in

equation (2.4) [19].
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If Rs = 0, there are one real pole and two complex conjugate poles. Equation (2.8)
shows an approximated real pole. It is important to know that the real pole is independent

of the packaging bond-wire inductance. Unlike the real pole, the resonance frequency of
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complex poles shown in equation (2.9) is strongly dependent on packaging inductance. If

0 <Rs <Ry, it decreases Q factor of resonance poles. Unfortunately, Lk is difficult to use

as a design parameter. Therefore, VCSEL Driver designer has to optimize electrical-

electrical signaling by using appropriate output impedance of Driver. For that reason,

output resistance of Driver is preferred to be optional which can be controlled by I2C.

VCSEL has structure of two ports which are Anode contact and Cathode contact.

Therefore, various driving methods have been tried for the necessary purpose. Typically,

three types of methods to drive VCSEL have been reported, such as Anode driving

(Common cathode) [8], [20], Cathode driving (Common anode) [21], [22], and Differential

push-pull driving [4]. There are many kinds of commercial VCSEL in the markets. Even if

each characteristic is different, a constant forward bias voltage must be applied to both ends

making VCSEL turn-on state. The processes using high voltage used common cathode

method applying ground to the cathode. However, as the process scaled down, the driving

voltage of the MOSFET was lowered, which caused voltage headroom issues. Therefore,

there were popular to use both high-voltage and low-voltage supply or adopting bias-tee
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topology by using an on-chip AC coupling cap and applying external VCSEL bias voltage

[4], [19]. Nevertheless, Supply Switching Noise(SSN) issue is critical and on-chip ac

coupling capacitors generate large amounts of parasitic capacitance, which is not suitable

for high-speed applications. For these reasons, recently, the method of applying negative

bias voltage to the VCSEL cathode and implementing dc-coupled anode driving has been

preferred [11], [12]. Therefore, packaging the Driver with VCSEL in consideration of SSN

and ground bounce has become more important issues which have to be mitigated. The

wire-bonding inductances (Lpkg), Which connect the Cathode contact of VCSEL die and

port of Evaluation Board (EVB) for negative voltage source, are known to create data

dependent SSN and ISI [4]. This is a more fatal problem in PAM-4 signaling which is more

sensitive to EYE opening. So, it is essential employing on-chip decoupling capacitors to

mitigate unwanted inductance.
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Wire-bonding: |

* Driver output — VCSEL Anode 5

2 Drivr
* Output PAD

Wire-bonding:
VCSEL Cathode — Negative
voltage source

Fig. 2-6. Figure of packaging parasitic example

In order to have an optimum driver bandwidth, it is efficient to get an equalizing effect

from appropriate L. However, since the value of Ly is typically outside of control, it is

more important to find optimum bandwidth point by adjusting the value of other parameters

with predetermined Lykg. The low output resistance (ro) of the driver has the effect of

increasing the real pole frequency and lowering the Q-factor of the complex pole, but if the

value itself is too low, the modulation current flowing into the VCSEL decreases. Therefore,

it is considered an optimal value to lower the value of r, to have enough BW according to

the target data rate.
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3. VCSEL equivalent SPICE model

3.1 VCSEL model design

Before designing VCSEL driver, VCSEL equivalent SPICE model is needed as a load
for circuits optimization. It is common for VCSEL model to build-up an impedance model
that includes rate equation (E-O conversion) through Verilog-A language for SPICE
simulation with circuits. It is possible to model parameters of VCSEL rate equation, but
since it is the 2nd-order system, it can be possible to make a model with variable passive
elements, such as current dependent resistors, inductors, and capacitors. Fig. 3-1 shows a

circuit that presents the impedance model and rate equation of VCSEL.
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<Electrical Part> <Optical Part>

=5 i “
Equivalent
IVCSEL opt opt + Optical power
Cpad == C_D/’rl(lj'lth) Copt == Vou (D lout=| Vout|

Fig. 3-1. Circuit of VCSEL equivalent SPICE model

3.2 Verilog-A based SPICE model

The s-parameter data of the commercial VCSEL was measured by Lightwave
Component Analyzer (LCA) equipment. Fig. 3-2 shows a block diagram of test bench set-
up for measuring s-parameter of commercial VCSEL. The data used in modeling are Si1
and Sy responses at various bias current values. Fitting variables for each bias current were
carried out as shown in Equation (3.2). Additionally, DC data, which represents L-I-V
curve, was extracted by measurement setup as you can see in Fig. 3-3. VCSEL input

forward bias voltage was swept by Semiconductor Parameter Analyzer and VCSEL output
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optical power was extracted by lensed fiber and Optical Power Meter.

Power
supply

Bias-T
(Pasternack/PE1621)
AC @10MHz~40GHz

AC @~65GHz
GSG probe

(FormFactor/ACP65-GSG-125)

(Keysight/N4373D) Optical
Fiber

Fig. 3-2. VCSEL s-parameter measurement set-up
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Semiconductor
Parameter Analyzer
(Agilent/4156A)

AC @~65GHz
GSG probe

(FormFactor/ACP65-GSG-125)

Optical (-))) VCSEL

Power Meter

(ThorLabs/PM100D, $122C) Optical
Fiber

Fig. 3-3. VCSEL DC measurement setup

VCSEL equivalent SPICE model consists of two main parts. The first part is impedance

modeling of VCSEL which represents electrical characteristics of VCSEL. Impedance of

electrical part provides the loading effect of VCSEL during simulation. Values of C;, R;

elements are changed according to current through VCSEL in active region. The result of

comparing measured Si; data with the fitted model can be confirmed as Fig. 3-4 (a). The

second part is modeling VCSEL rate equation, which represents E-O responses. Current-

Controlled Voltage Source (CCVS) was employed to have values which are multiplied

operating current (Ij-l) and slope efficiency (). Basically, E-O response is 2"-order
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transfer function and there is an equivalent system as you can see in equation (3.1). Lqp: and

Ropt Values were set as variables for |; to fit Sz response for each operating current. Fig. 3-

4 (b) shows well matched results of Szi. L-1-V curve, which represents DC characteristic,

was fitted in consideration of compatible with other fitting operations. 1-V curve is based

on VCSEL resistance that is series resistance of Rs and R;. Also, current to light conversion

is based on measured L-I curve data and it is applied by a variable for slope efficiency (n).

Fig. 3-5 shows accurate fitted result of L-1-V curve.

There are five elements based on variables which are R;, Cj, 11, Lopt, Ropt. They are fitted

by 4"-order polynomials as you can see in equation (3.2). The functions, which determine

value of each parameter, are designed to reduce the amount of computation for time-domain

simulation by not using very high-order polynomials. Polynomial fitting results can be

identified as Fig. 3-6, Fig. 3-7.

s ___ ; : (3.1)
77(IJ - Ith) Loptcopt ST+ RoptCopt S+1
f(x)=a,x* +a,x° +a,x’ +ax +a, x=1;, I, (3.2)
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Fig. 3-4. VCSEL SPICE model fitting results of (a) S11, (b) Sz
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Fig. 3-6. 4"-order polynomial fitting based on input junction current (1;) of

(a) junction resistance, (b) junction capacitance
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Fig. 3-7. 4th-order polynomial fitting for optical elements.

(a) inductance, (b) resistance

Basically, analog properties in Verilog-A language is operated by Ohm's law. All

electrical elements are needed definition that represents electrical responses. Also, if you

want to create custom analog elements, such as passive elements based on variable, a node-

to-node electrical definition has to be multiplied with the custom function. Verilog-A based

VCSEL equivalent model can be confirmed as Fig. 3-8. It is used for small signal and large

signal simulation with VVCSEL driver. It is accessible and easy to check electrical

characteristics because it can call an instance in the form of a symbol. The values
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corresponding to junction current and optical power are mainly checked from the model.

This type of modeling technique has the advantage that it can be easily applied in the same

way even if other commercial VCSEL devices are used.

34



1
H
3

1/0 definitions and electrical node definitions

include "constants.vans”
include "disciplines.vans”

4 module va_VCSEL(an,opt, cat, cat_rj);
5

input an;
output opt;
electrical an, p2, q1, q2, 93, Opt, cat, cat_rj; //meaning that the po

tial of each pin is a and the flow into the pin is a current

MR oo

5

T

Parameters
ot depends on current
ent va

! odeling paraneters
real s_g;

Variable definitions

JEO response modeling paraneters
real c_opt;

real 1 opt;

real r_opt;

real I_th;

real 1_j;

real I opt;

ing branch
branch (an, p2) res_prs;
branch (an, cat) cap_prs;
branch (p2, cat) cap_j;
branch (p2, cat_rj) res_j;

#51ope e nodeling branch

o o 5, Branch definitions

#/EQ response modeling by
branch (g3, cat) cap_opt
branch (q1, q2) ind_opt;
branch (q2, q3) res_opt;

1 poner receiver stage branch
branch (cat, opt) VCCS;

AR R R B Ll W s

analog begin

f/Active elements fitting
"3 = -0.2¢pou(I(res_j),4)-2306723. 333+pon(L( res +128759.3757#*pow( I (res_j),2)-3000.46906*1(res_j)+88.876116;
_J p (res_j pou( 1).3) pow(I(res_j), =)

C_j = 3.71319311e-19*pow(I(res_j),4)-9.26579461e-21*pow( I(res_j),3)+7.85039228e-23*pow(I(res_j),2)+2e-12*I(res_j)+0.000000000000279 ;

I(

V(res_prs) <+ r_prs*I(res_prs); //0hn's Law
I(cap_j) <+ c_j*ddt(V(cap_j)):

W(res_j) <+ r_j*I{res_j)+1.51; /

JILT curve f:
1_th = 0.6e-
1j = I(res_j)-Lth;

if (I(res_j)<I_th} begin

se=0;
end
else begin

e = -4850710.88%pow(1_],4)+161014.752¢pow(1_j,3)-2172.6628*pou(1_,2)+5.1047769+1_1+0.21884036;

69 | end

70

71| vcevs) <« s_evj;

n

73| //E0 modul ponse elenents fitting(polynomial)

74 | r_opt = 72742432800000%pow(V(CCVS) , 4)-3544479990004pon( V(CCVS ), 3)+6 23598680+ pour(V{ CCVS) , 2)- 511716, 136*V(CCVS) +338.816491;

75 | Lopt = 577.931318%pow(V(CCVS) , 4)-4.18764142%pow(V(CCVS),3)+0. 011940801 7% pow(V( CCVS), 2)-D.0000167459795*V( CCVS)+0.0000000107941861;
76 | copt = 80F;

77

78 | //E0 respon aneters analog setup

79 | I(cap_opt) <+ c_opt*ddt(V(cap_opt)

80 | v(ind_opt) <+ 1opt*ddt(I(ind_opt)); /

81 | v(res_opt) <+ r_opt*I(res_opt); //0m’s La

22

83 tical power recei

84 | 1(vECs) <+ V{cap_opt);

8

86 L O R R N R N VI VAU
87 sstrobe(” The;e are design parameters in verilog-A \n");

88 sstrobe(" c_prs: %, r_prs: %g, c_j: %g, r_j: %g, r_opt: %g, VICCVS): %g \n, c_prs, r_prs, c_j, r_j, r_opt, W(CCVS));
A e A R R oY
90

91 end

92 endnodule

Fig. 3-8. Verilog-A based VCSEL equivalent SPICE model
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4. Systems and Circuits design

4.1 Driver topology

Fig. 4-1 shows two types of VCSEL driver topology. Generally, VCSEL drivers have
been studied using the Current Mode Logic (CML) [7] - [11], [13] — [15]. In the case of
using CM topology, it has more benefits in bandwidth than Voltage Mode Logic(VML).
CML with differential push-pull driving has an advantage in speed because the loading
effect of the pre-driver is relatively reduced. Additionally, it is an obvious advantage that
the modulation current and driver output impedance can be adjusted independently.
However, since VCSEL driver has to be single-ended output, dummy load should be
employed at the another side of CML driver output as a VCSEL equivalent load. VCSEL
have various impedances depending on junction current so it is difficult to create an
accurate equivalent dummy with a passive element which has a specific value. This
constraint results in poor compatibility with various commercial VCSELSs. Secondly, there

is a disadvantage that it cannot be power efficient because it consumes half of total power
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on the dummy load. In contrast to CML, inverter-type VML driver is relatively power

efficient and there is no additional power consumption on dummy load. There are

challenges in bandwidth and it is burdensome from a driver optimization point of view that

output impedance and modulation current are dependent.

3 VCSEL

Y

3, VCSEL

Negative Bias

Negative Bias
- voltage

voltage

(a) CM Driver (b) VM Driver

Fig. 4-1. Two types of VCSEL driver (a) CML driver, (b) VML driver
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4.1.1 Inverter-type gm/gm amplifiers

Among various inverter-type amplifiers, gm/gm amplifiers are reported to have a small
Total Harmonic Distortion (THD) and simple implementation for controlling gain, output
impedance [23]. Fig. 4-2 and Fig. 4-3 show the results of comparing THD of various
inverter-type amplifiers. The gm/gm amplifiers are widely used to design low noise inverter-
type TIA in optical receiver, but it can be used in Laser Diode Driver (LDD) as a low THD
topology for driving PAM-4 signals. Additionally, output impedance can be easily

controlled by adjusting one over gn cells.

Vi Vo Vi W Vo
O-{>0—4—{ Bo—4-0 || O{E>o——Bo—4-0
(b) (©)

Fig. 4-2. Various Inverter-type amplifiers

(a) Resistive load, (b) gm/gm, and (c) TAS-TIS [23]
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Fig. 4-3. THD comparison about three types of amplifier [23]

If there is a low wire-bond inductance, which connects Driver output PAD and VCSEL

contact, electrical network of Driver to VCSEL is dominated by real pole in 3" - order

system (According to what was discussed in Section 2). In this regard, output resistance of

inverter-type gm/gm amplifiers structure can be easily adjusted by selecting multiple slices

of driver output 1/gm cells through controlling 1°C. Also, adjustment of the driver's load can

be seen as essential in terms of compatible for various VCSEL.
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4.1.2 Shunt peaking technique

As Equation (4.1) shows, the transfer function of a gm/gm amplifier is determined by
multiplying the transconductance of the inverter and the load impedance. Shunt peaking is
one of the bandwidth boosting techniques that can be applied to inverter type gm/gm
amplifiers. Fig. 4-4 show structures of gm/gm amplifier with shunt peaking is applied. It can
serve as Continuous-Time Linear Equalization(CTLE) in voltage mode type topology.
Basically, CTLE in this structure is operated by inserting a zero term into the load. Fig. 4-
4 (a) shows a shunt peaking structure with a passive inductor. As you can see in an Equation
(4.2), it consists of 2 zero and 1 pole impedance system when a passive inductor was
employed. Although this approach has strong advantages from a CTLE designing point of
view, the on-chip spiral inductors occupies a large area so there are restrictions on using
multiple inductors. Fig. 4-4 (b) is a structure using a shunt peaking impedance which
consists of 1 zero and 1 pole, and it has a benefit on area because it does not need large

area for equalization. Equation (4.3) shows an equivalent shunt peaking impedance.
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(a) (b)

Fig. 4-4. Shunt peaking equalization in gm/gm amplifiers using

(a) passive inductor, (b) shunt peaking impedance

A=V g .7 4.2)
V,

1 1+sg,L+s’LC,
g 1+s 7 Cy

. (4.2)

1 (@+sRCy)

= . ¥ 4.3
75, sk C,) e
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Considering the design area, VCSEL driver was designed by adopting a structure using

a passive inductor. The Self Resonance Frequency (SRF) of the inductor was designed to

be located at more than twice the Nyquist frequency in consideration of the target data rate.

High frequency boosting is designed not to exceed 1.5 dB in the frequency domain. This is

because having excessive high frequency boosting shows ringing in a large signal and

hinders EYE opening by generating a group delay issues.

10° 100 101 1ot

(a) (b)

Fig. 4-5. Example of an on-chip spiral inductor

(a) inductor layout, (b) inductance simulation
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4.1.3 Common-mode feedback

)
L 1

T Ty

Negative Bias
voltage

Fig. 4-6. The Block diagram of Common-mode feedback circuit

To drive the VCSEL for high-speed optical interconnect, a stable bias current must be

sourced. At the same time, in order for VM driver to operate linearly, the output DC voltage

must be applied to half of the VDD. The common-mode feedback(CMFB) architecture was
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used to satisfy these two conditions. It is a negative feedback structure and plays a role in
holding output DC voltage to VDD/2 even when various negative bias voltages are applied
to cathode of VCSEL. There is an inverter type low-pass filter in which a resistor and a
capacitor are employed in the loop. Also, a gm/gm amplifier was used to control the loop
gain. The phase margin is designed to exceed 70 degrees for stability, and it has a loop gain

equivalent to this. Detailed simulation results will be covered in Sections 4.2.

4.2 Inverter-type VCSEL CMOS Driver

4.2.1 Proposed architecture

Fig. 4-7 shows a block diagram of proposed VCSEL driver. Architecture is based on
Om/gm structure and shunt peaking technique using the inductor. Degenerated PMOS and
NMOS switch were used in order to control strength of gm at each block as Fig. 4-8 (b). 1°C

digital control bits are buffered with inverter as Fig. 4-8 (a).

Input and output stages have T-coils to compensate for bandwidth degradation caused
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by ESD protection. Programmable 1/gm loads are placed at input stage for 50-ohm

termination and self-bias voltage with half of VDD. According to process, voltage and

temperature variations, size of 1/gm cells are controlled by 3-bit 1°C code for impedance

matching. Signal Buffer (SB) is used for pole splitting between the input stage and the main

driver. SB, the pre-driver of the Programmable Gain Amplifier (PGA), provides a pole

splitting effect by separating input matching block and T-coil & ESD protection network

from the large gate cap. Fig. 4-9 shows a structure of main driver. PGA and programmable

1/gm loads are used to control the amount of modulation current flowing through VCSEL.

After determining output resistance of the VCSEL driver by 3-bit I°C code, modulation

current is adjusted by 4-bit I°C code in the PGA. A common-mode feedback (CMFB) loop

is employed to source DC current, and the amount of DC current can be controlled by

adjusting negative bias voltage of cathode.
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Fig. 4-7. Proposed architecture of VCSEL driver
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Fig. 4-8. (a) Digital block for I°C, (b) 1/gm cells for 50-ohm termination
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Fig. 4-9. Main driver structure with shunt peaking
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Fig. 4-10. Simulation results of small signal response
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M4: 13.6455kHz 37.365dB

I dx:13.6139kHz dy:3.00005dB

Fig. 4-11. Simulation result of CMFB loop gain

Fig. 4-10 shows post-layout simulation results of small signal responses. Driver

bandwidth is 18.31 GHz. Fig. 4-11 shows a CMFB loop gain simulation result. Loop gain

is a 40 dB and bandwidth is 13.65 KHz.
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4.2.2 Measurement results

A micrography of entire chip is shown in Fig. 4-12. The circuit was designed in 14-nm

FinFET technology. It consists of VCSEL driver, driver replica for electrical test, I>C slave

circuits, decoupling cap and bias port for sourcing negative bias voltage to VCSEL cathode.

Fig. 4-13 and Fig. 4-14 show the measurement setup for optical transmitter test.

Fig. 4-12. A micrography of the Tx VCSEL Driver
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Fig. 4-14. Photo of the measurement setup
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(b)

Fig. 4-15. Measured optical NRZ EYE at PRBS31 (a) 25 Gb/s and (b) 30 Gh/s

()

Fig. 4-16. Measured optical PAM-4 EYE at PRBS7 (a) 30 Gb/s, (b) 40 Gb/s, (c) 40 Gb/s

with RLM calibration, (d) 50 Gb/s with RLM calibration and Rx FFE
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Fig. 4-15 shows NRZ optical EYE measurement results and Fig. 4-16 shows PAM-4

optical EYE measurement results. Bias current is 6 mA and modulation current is 5 mA,.p.

The NRZ signal does not have significant signal degradation due to the VCSEL non-linear

issue, and signal quality is dominant in the bandwidth of Driver and VCSEL.

L

Ly MNABO
. ~ (A+B+0)/3

Lt B

Fig. 4-17. The definition of RLM
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The definition of RLM can be confirmed through Fig. 4-17. Unlike the NRZ, the PAM-

4 signal is vulnerable to the characteristics of the VCSEL. Fig. 4-16 (a), (b) show different

inner EYE openings. Because of the static non-linearity issue of VCSEL and the Driver

linearity, RLM of optical PAM-4 EYEs are lowered. Since a large bias current is used and

the modulation current is not large, there is no inner EYE skew due to the dynamic non-

linear issue of the VCSEL. Fig. 4-16 (¢) shows a result when pre-distortion of PAM-4 level

was performed in PPG. Comparing Fig. 4-16 (b) and (c), it can be interpreted that the

technique for RLM calibration is necessary in the VCSEL driver. Fig. 4-16 (d) shows a

result when FFE is performed in Rx.

The transmitter consumes 38.7 mW including bias current sourcing to the VCSEL. Even

though the overall size was greatly increased since the control using I’C was used, it can

be confirmed that it has a small power consumption by using the VML structure.
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4.3 RLM controllable Driver for PAM-4 signaling

In the previous circuit design, the control function for the level of the PAM-4 signal
was treated as necessary from the VCSEL driver design point of view. In addition, it was
experimentally confirmed that the function could be achieved through PAM-4 level pre-
distortion in the Tx. Because the VCSEL is driven at high bias current, even though the
dynamic non-linearity issue does not seriously affect the EYE quality, the static non-

linearity issue is fatal to the eye opening.

4.3.1 Proposed architecture

Fig. 4-18 shows a block diagram of proposed RLM controllable VCSEL driver. This is
fabricated in CMOS 28-nm process. The previous gm/gm structure, shunt peaking structure
using an inductor, and CMFB structure are used, and a main driver design to control the
RLM is proposed. A large number of adjustable I°C control blocks were eliminated, and

they were made to have an appropriate size for driving 50 Gb/s PAM-4 signals.
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Fig. 4-18. The block diagram of proposed VCSEL driver
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Fig. 4-19. The feature of VCSEL optical EYE in PAM-4 signals

with () ideal levels of input, (b) pre-distorted levels of input

Before explaining the proposed RLM controllable driver, I would like to point out the

problem that occurs through the static non-linearity issue of VCSEL. As can be seen in Fig.

4-19 (a), when PAM-4 inputs with ideal levels are applied to the VCSEL, each level of the

optical EYE is clipped. To compensate this response, a method using pre-distortion can be

used as shown in Fig. 4-19 (b).
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Before summing the MSB signals and LSB signals in the Serializer, it can be solved by

adjusting each amplitude, but the ‘01° and 10’ levels can only be adjusted symmetrically

from the mid-point of EYE when using this method. Because it can only do limited pre-

distortion, it is not good as an RLM compensation strategy. From the viewpoint of the

VCSEL driver, a method capable of flexible level pre-distortion according to the VCSEL's

bias current and modulation current control is the appropriate solution.

Fig. 4-20 and Fig. 4-21 show comparison of the original g./gm buffer and proposed

structure. In the proposed structure, the gate DC voltage of NMOS and PMOS can be

controlled externally by employing each AC coupling capacitor as shown in Fig. 4-20 (b).

The previous gn/gm has a large signal response as Fig. 4-21 (a), but the proposed structure

can control transition curve as Fig. 4-21 (b). Controlling the large signal curve in the

proposed structure is achieved by (a+p) [V] applied to Viiasn and (a-B) [V] applied to Viiasn

shown in Equation (4.4). The a factor controls the degree of movement of the transition

curve from original curve, and the  factor controls the gain characteristics.
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Let's say Vpiasn=0+B, Viiasp=0-B like Equation (4.4). If both NMOS and PMOS are in

the saturation region, the input voltage value x that makes the output voltage equal to

VDD/2 is obtained as follows. As a condition for the output of the inverter to be half of

VDD, the drain current flowing from NMOS and PMOS can be confirmed through

Equation (4.5). Assuming that the channel length modulation term is the same and ky=kp,

Equation (4.6) can be established. As shown in Equation (4.7), making the output voltage

VDD/2 is dependent with o and independent with B. The simulation result controlling o

and B can be checked in Fig. 4-22 and Fig. 4-23. In order to distort the level of PAM-4

signals, a non-linear response can be used as Fig. 4-24.

Viy =X
-VDD
Vour = A (4.4)
Vbiasn =a+ ﬂ
Vbiasp =a- IB
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2
= Ky (X+a+ ) =V y ) (1+ 4Vos)

1 W
lon =7 #nCo (Tj (VGS —Vinn )2 (1+ AnVos )
N

(4.5)
1 W 2
_ID,P = E/JPCox (Tj (VSG +Vth,P) (1+ANVSD)
p
=kp (VDD = (X + = B) +Vy 5)* (1+ 4\Vsp )
(X""OH':B_Vth,N)2 :(VDD_()H'O‘_IB) +V’[h,P)2 (4.6)
VvV, . +V

- x=VDD/ Jon_—np > wP _ g (4.7)

Since using the AC coupling capacitor in high-speed lines involve a large amount of

parasitic capacitance, it is important to employ appropriate size of capacitors. However, in

order to prevent DC wander which causes ISI, the cut-off frequency of the high pass filter

was set at 6.5 MHz in consideration of the data-rate and pattern. If the target data rate is set

to 28 Gbaud and the PRBS15 pattern is taken as an example, the longest run length

degrades the subsequent bit level by 0.19 dB on the calculation. Considering the amount of

droop and speed, the high-pass corner frequency was determined as above.
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Fig. 4-21. The large signal responses of (a) gm/gm buffer, (b) proposed buffer



Vout /N NMOS gate Vs, : O [V]

PMOS gate Vyisp : A [V]
VvDD=1V

a=0.5V

+0.3V \+0.2V

e\
-0.5Vv ov 0.5v
Vin(ag)

Fig. 4-22. The behavior simulation result of moving transition curve with a factor

Vout /N

VDD=1V
NMOS gate Vpios: 00+ B [V]

PMOS gate V,;,: - B [V]

a=0.5V $=0.1V
B=0.3v
B:0.4V

-0.5v ov 0.5V )

Vinac)

Fig. 4-23. The behavior simulation result of large signal responses with B factor

6 1



Base
Line

Vout 1 Vout

(a) (b)

Fig. 4-24. The example of RLM control scheme with proposed structure (a) pre-distortion

for downside clipping, (b) pre-distortion for upside clipping

This approach for pre-distortion scheme has two advantages. First, flexible control of
each level is possible. It is an effective solution because PAM-4 RLM optimization can be
performed according to various applications to be applied. Second, if the above structure
is used at the last stage of the driver, the burden of the non-linearity problems occurring in
previous circuits are relieved. When receiving PAM-4 signals at Tx driver or Rx as input,
the swing size is limited considering non-linearity occurring in the circuit. However, if

proposed buffer is used at the back end of entire architecture, there are no restrictions on
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the size of the swing because PAM-4 level distortion issues are mitigated. Fig. 4-25 show

behavior simulation results of RLM control buffer.

(a) (b)

Fig. 4-25. PAM-4 50 Gb/s simulation results for behavior of RLM control buffer

with (a) downside clipping, (b) upside clipping
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4.3.2 Measurement results

Fig. 4-26 shows a micrography of proposed RLM controllable driver. As you can see

in the picture, a top metal with a length of about 200-um was used on the input and output

sides. Considering the total area of the chip and the size of the core block, line inductance

can only be seen on the input or output side of the driver. In this design, inductive lines are

appropriately placed at the input and output.

Fig. 4-26. A micrography of proposed VCSEL driver
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Fig. 4-27 shows the measurement setup and measurement result can be confirmed in

Fig. 4-28. The size control of EYE corresponding to MSB and LSB was confirmed. The

changes in swing size were achieved by adjusting Vpiasp and Viiasn. It contains the results

for each of the three control setup environments. The '--' state means a bias setup in which

only a value exists and B has no value. Then, Viiasn: 7", "Viiasp: | ' means the relative size

of the amplitude in which B is formed. The y-axis scale was captured identically for all

three EYE results. As can be seen from the results of the experiment, it is confirmed that

the voltage swing can be adjusted by adjusting the range of Viiasp and Vpiasn When a 25 Gb/s

PRBS15 input signal is given. The static power consumption is 13-mW. Post layout

simulation results for RLM optimization along with the VCSEL equivalent model can be

confirmed through Fig. 4-29.
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Fig. 4-27. Measurement setup for electrical test
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Fig. 4-28. Measurement electrical EYE results for the level pre-distortion.

(a) LSB equivalent, (b) MSB equivalent

Fig. 4-29. Post layout simulation result of 50 Gb/s pre-distorted PAM-4 optical EYE

with VCSEL SPICE model
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5. Conclusions

This paper described VCSEL properties and its driving circuits for high-speed optical

link targeting short reach. A VCSEL equivalent model was employed for using in SPICE

simulation during circuit design. It is made based on the Verilog-A language, and includes

the Si; and S»; responses for each bias current of VCSEL, and the L-I-V curve, which is a

DC characteristic, is modeled.

In order to design a low-power, high-speed circuit, a voltage mode driver was adopted

as the basic structure. The gn/gn buffer, which operates by employing a 1/gn, load in the

inverter, was used as a basic structure, and bandwidth boosting was performed using the

inductor shunt peaking technique. Demo data rate is NRZ 35 Gb/s, PAM-4 40 Gb/s. It was

confirmed that it is a low-power VCSEL driver with static power consumption of 38.7 mW

and energy efficient of 0.9675 pJ/b.

As a result of the first VCSEL driver, it was experimentally confirmed that

compensation for the static non-linearity of the VCSEL is necessary when driving PAM-4
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signals. Therefore, a circuit capable of controlling the RLM of PAM-4 was proposed. It is
a method to move transition curve of inverter while separately adjusting the gate bias of

the inverter's NMOS and PMOS by using high-pass filtering for each signal path, and the

results of this were confirmed by post layout simulation and experiments.
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15' JSCC “16 JLT 7 JSSC “18 JSSC 22" JSSC This Work
P 65-nm 0.25-um InP 130-nm SiGe 14-nm 28-nm 14-nm
rocess cMOs DHBT BiCMOS FinFET cMOS FinFET
Modulation NRZ PAM-4 NRZ NRZ NRZ NRZ, PAM-4
Demo. 30Gb/s,
datarate 15Gbls 56Gb/s 50Gb/s 45Gb/s 56Gb/s e
Output stage VM, SE CM, SE CM, SE CM, SE VM, SE VM, SE
Asymmetric Pulse-shaping,
EQ type 2-tap FFE No EQ 2-tap FFE Shunt peaking, | Shunt peaking
3-tap FFE 3
-tap FFE
VCSEL BW
75 24 18 20 25 17
(GHz)
Energy
Efficiency 2.0 3.7 38 1.81 1.28 1.23,0.925
(pJibit)
Table. 5-1. Performance comparison for VCSEL Driver
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