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ABSTRACT

INTEGRATED CMOS RECEIVER SYSTEM FOR HIGH
SPEED VISIBLE LIGHT COMMUNICATION

The speed of microprocessor has risen excessively during the last decade. The
overall speed of the system is defined not only the speed of microprocessor but also
the speed of the channels by which data is distributed inside the system. Using opti-
cal channel, a very high speed of data transmission and reception is aimed with the
increased data rate. However Visible Light Communication System consists of main
four components, which are Light Emitting Diode (LED) in the visible wavelength
as transmitter, communication channel, photodiode as receiver and trans-impedance
amplifier converting the current signal to voltage one, where the overall speed of the

system is limited due to the low bandwidth of the LED.

In order to increase the speed of the system, the restricted bandwidth generated
from a LED has to be extended which allows us to obtain higher data speed. Equaliza-
tion is one of the methods used for this purpose. The circuit of this method is called
Equalizer. It can be used in order to increase the bandwidth of a LED. In this the-
sis, firstly Trans-impedance Amplifier and Discrete Receiver System are designed and
simulated with Advanced Design System (ADS) and Altium Designer using discrete
elements. Then, the simulation and measurement results of these circuits are given.
Secondly, Integrated CMOS Receiver System is designed and simulated with Mentor
Graphics using 130 nm CMOS technology and its pre and post-layout simulation results

are given.



OZET

YUKSEK HIZLI GORUNUR ISIK ILETISIMI ICIN CMOS
TABANLI TUMLESIK ALICI GELISTIRILMESI

Mikroiglemcilerin hizi son on yilda asir1 bir artig gosterdi. Sistemin genel hiz
yalnizca mikroiglemcilerin hizin1 degil, ayn1 zamanda verilerin sistem i¢inde dagitildig:
kanallarin hizini1 da tanimlamaktadir. Optik kanal kullanarak, artan veri hiz1 ile ¢ok
yitksek bir veri aktarim ve alim hizi hedeflenmektedir. Ancak, Goriiniir Isik Iletigim
Sistemi, aktarici olarak goriiniir dalga boyunda 11k yayan diyot (LED), iletigim kanal,
alict olarak fotodiyot ve akim isaretini voltaj isaretine dontistiiren trans-empedans
yiikselticisi olan dort ana bilegsenden olugur ki bu sistemin genel hizi LED’un diigiik

bant genisiligi nedeniyle sinirhdir.

Sistemin hizin1 artirmak ig¢in, LED’tan iiretilen sinirli bant genigliginin daha
yiksek veri hiz1 elde edebilmemiz i¢in artirilmasi gerekmektedir. Denklegtirme bu
amag icin kullanilan yontemlerden biridir. Bu yontemin devresi denklestirici olarak
adlandirilir.  Denklestirici LEDun bant genigligini artirmak i¢in kullanilabilir. Bu
tezde oOncelikle Trans-empedans Kuvvetlendiricisi ve Ayrik Alici Sistemi ayrik ele-
manlar kullamlarak Advanced Design System (ADS) ve Altium Designer ile tasar-
lanmig ve simiilasyonlar1 gerceklestirilmistir. Daha sonra bu devrelerin simiilasyon ve
olciim sonuclar1 verilmistir. Tkinci olarak, CMOS tabanli tiimlesik alic1 sistemi 130
nm CMOS teknolojisi kullanilarak Mentor Graphics ile tasarlanmis ve simiilasyonu
gerceklegtirilmigtir. Daha sonra yerlesim o6ncesi ve sonrasi simiilasyon sonuclar1 ver-

ilmistir.
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1. INTRODUCTION

In this chapter, general information is given related to optical communication,
differences between Fully integrated and Discrete Receiver System and how to increase

the limited bandwidth of a LED.

1.1. Principles of Optical Communication

The speed of microprocessor has risen excessively during the last decade. The
overall speed of the system is defined not only the speed of microprocessor but also
the speed of the channels by which data is distributed inside the system. In order
to perform a very high speed of data transmission and reception, optical channel has
been utilized to have the increased data rate. At the transmitter side a Light Emitting
Diode (LED) in the visible wavelength is used and at the receiver side a photodiode
is utilized. Data is transmitted and received as light signal inside of an optical cable.
This light signal is converted into electrical signal at the receiver side. Figure 1.1 shows

an optical communication system [1].

ELECTRICAL OPTICAL OPTICAL ELECTRICAL
INPUT TRANSMITTER " COMMUNICATION CHANNEL > RECEIVER > INPUT

Figure 1.1. Optical Communication System [1].

Optical receivers are utilized in order to detect light coming from the transmitter
side through communication medium. Figure 1.2 shows the main four components of a
typical optical receiver. An electrical current signal is created by converting the optical
signal by a photodiode. Current signal is amplified and converted into a voltage signal
by a trans-impedance amplifier following the photodiode. Clock and data recovery
circuit (CDR) which follows the post amplifier is utilized in order to extract the carrier

and data signal using the received signal [1].
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Figure 1.2. Architecture of a typical optical receiver [1].

1.2. Comparison of Fully Integrated and Discrete Optical Receiver

In a fully integrated optical receiver main components mentioned above are in-
tegrated on the same substrate. This has some advantages over the discrete optical
receiver. When a CMOS photodetector is utilized on the same substrate as a receiver
circuit, integration of high level is achived which profits in the economy for optical com-
munication in short distance [9]. Secondly, this compact and low cost receiver solution
enables signal integrity on the receiver chip. Thirdly, losses related to hybrid imple-

mentation of the photodetector and trans-impedance amplifier are eliminated. [10].

In terms of integrated circuit technology realization, CMOS is a low-cost process.
However, the photodetectors created using CMOS process give lesser bandwidth than
the ones in which discrete components are utilized. Therefore, it is a difficult task to
use a CMOS process to create an integrated optical photodetectors. When a LED is
used, bandwidth of an electrical signal obtained from a LED is in the range of a few
MHz. However, optical fiber can handle a bandwidth which is in GHz range for a
channel. This shows that electrical bandwidth of a LED limits the data rate which can
be accessed. The higher the bandwidth is, the higher data speed and bandwidth can

be used in the communication link [11].



1.3. How to Extend the Bandwidth of the Visible Light Communication
(VLC) System?

In order to utilize advantages of CMOS technology, the restricted bandwidth
generated from a LED has to be compensated by a proper design. Equalization is one
of the methods used to overcome the limitation of bandwidth of LED. The circuit used
in this method is called Equalizer. It can be used in order to extend the bandwidth
of a communication channel. From the signals and system theory, it is known that
convolution in time domain corresponds to addition in frequency domain. Hence, when
the responses obtained from the LED and the equalizer circuits are convolved in time

domain, a high bandwidth can be obtained from this process, as can be seen in Figure

1.3 [1], [2].

[H®)eq] |[HOcye | [H(Deq |

+ —

- - -

Figure 1.3. Equalization [2].

1.4. Literature Review

The systems in which lighting and wireless communication are performed simul-
taneously are called optical (wireless) visible light communication (VLC) systems, in
which the electrical signal that drives the visible light LED device is modulated and
collected by a photodiode on the receiving side [12], [13], [14], [15]. Smart home appli-
cations of VLC technology and inter-vechicle communication are presented [16]. Two
separate studies on VLC are currently carried out by IEEE 802 LMSC. 802.11 WiFi
group prepares the project approval request. When it is accepted, a WiFi-based VLC
standard will be prepared [17]. 802.15 group prepared group usage areas and channel
modelling in 2014 with a standard [18]. There is a commercially available VLC product



and has been implemented using discrete components [19]. Qian et al. reported that
400 MHz bandwidth and 512 Mbit/s capacity were obtained and it was shown that
visible light communication can be done by on-off keying (OOK) method [20]. Fahs
et al. reported that a capacity of 150 Mbit/s was obtained from a 6-meter distance
using the photodiode compatible with CMOS electronic technology as receiver [21].
Ref. [22] introduced a fully differential transimpedance amplifier with integrated differ-
ential photodetector implemented using 0.35 um standard CMOS process, where it was
demonstrated a 3 dB bandwidth of 1.1 GHz and a bitrate of 1.6 Gbit/s respectively.
The power dissipation of 100 mW (for the 50 © output buffer), and a trans-impedance
gain of 98.75 dBS) were reported in that study. In Ref. [23] trans-impedance amplifier
(TTA) and limiting amplifier (LA) were designed using 0.18 pm CMOS technology.
The fully integrated optical receiver in this study has a conversion gain of 87 dB(2,
a 3 dB bandwidth of 7.6 GHz and a chip size of 1028 um x 1796 pm with a power
dissipation of 210 mW and measured sensitivity of -12 dBm. Atef et al. presented an
optical receiver chip. This chip was designed using 0.6 pum BiCMOS technology and
has power consumption of 112 mW and area of 1.33 mm? with supply voltage of 3.3
V [24]. Yasotharan et al. reported that an optical receiver was designed using 0.13
pm CMOS technology. This receiver whose area is equal to 0.23 mm? has gain of 85
dB(2, data rate of 5 Gbps with power dissipation of 35.3 mW and sensitivity of -10
dBm [25]. Taghavi et al. presented an optical receiver as a chip in which 65 nm CMOS
technology was used. Its trans-impedance gain and 3 dB bandwidth are equal to 77.7
dBQ and 12 GHz respectively. In addition, photodiode responsivity and simulated
sensitivity of this optical receiver are equal to 0.8 A/W and -12 dBm respectively [26].
Tanabe et al. introduced a single-chip. It was realized using 0.15 ym gate bulk CMOS.
Power consumption of 104 mW was obtained. In addition, a low-cross-talk sensitive

preamplifier circuit was integrated into with this receiver chip [27].

As obvious from the aforementioned discussion, due to the low bandwidth of the
LED devices, there is a data-rate limitation of optical wireless VL.C methods. The fre-
quency band of the visible LED light sources is optimized for illumination. Therefore,
the bandwidth is limited to a few MHz. Li et al. reported that by using simple modu-
lation techniques such as on-off keying/on-off keying-OOK, data could be transmitted



with a few Mbps [28], [29]. In addition to the channels created by each of the RGB
LED devices using WDM, Wang et al. showed a capacity of 1 Gbit/s was achieved
utilizing Polarization Division Multiplexing-PDM in the receiver part [30]. Popoola
et al. reported that a capacity of 40 Mbit/s was achieved using Generalized Space
Shift Keying-GSSK [31]. In addition to the works related to increasing the modulation
frequency, Liu et al. and Suh et al. showed that receiver system designs had been
made by simultaneously changing the brightness of the LED sources [32], [33]. Again,
in order to reduce the distortion caused by the non-linear current/voltage connection
of micro-LED devices, Qian et al. added post-distortion to the signal collected in the
photodetector [34]. Mossad et al. and Jiang et al. reported that another method used
to increase the modulation bandwidth was equalization. In this method, the band-
width of the total response of the light source (LED), the transmission medium and
the receiver (photodetector) channel response, which are defined as components of the
communication system, is increased [35], [36]. Equalization circuits typically consist of
amplifiers and electronic (active) filter circuits. In the literature, using a post equalizer
realized by electronic blocks whose power gain can be changed with OOK, it shown
that 40 Mbit/s in 2008 [15], 100 Mbit/s in 2009 [37], 340 Mbit/s in 2014 [38], using
multitone modulation with pre equalizer 1 Gbit/s in 2012 [39] are achieved. Ref. [5]
describes the design of an analog equalizer which compensates for the limited band-
width of n-well/p-sub photodiode. This is a theoretical study in which it is reported
that the bandwidth of the optical receiver is extended to 1 GHz from 6 MHz [5]. Gi-
meno et al. presented a CMOS equalizer for short-reach optical communications with
tuning range between 300 MHz and 3.6 GHz. 0.18 um CMOS process was used for the
prototype [40]. Bandyopadhyay et al. introduced an integrated TIA-Equalizer for a
low cost Giga-Bit optical communication system. The overall bandwidth was extended
from 400 MHz to about 2 GHz [41]. Radovanovic et al. presented an analog equalizer
to compensate the frequency characteristics of a photodiode from DC to 1 GHz [42].
Choi et al. introduced a high speed CMOS adaptive cable equalizer. It was designed
using 0.18 pm four-metal mixed-mode CMOS technology and has data rate of 3.5 Gb/s
(over a 15-m RG-58 coaxial cable), and 5 Gb/s (manual adjustment mode). Its power

dissipation and active area are equal to 80 mW and 0.48 x 0.73 mm? respectively [43].



Villanueva realized 30 GHz Adaptive Receiver Equalization Design using 28 nm CMOS
technology [44].

Yang et al. designed a front-end amplifier using AMI 0.5 um CMOS process
which consists of transimpedance amplifier and limiter amplifier where it was reported
that a data rate of 535 Mb/s was achieved for the front-end amplifier with simulated
and measured output swing of 4.2 V and 4.1 V respectively [45]. Bespalko et al.
designed 2.5 Gbps and 10 Gbps trans-impedance amplifier. They were manufactured
using 0.18 ym CMOS technology. While the 2.5 Gbps trans-impedance amplifier has
trans-impedance gain of 64 dBS), bandwidth of 1.8 GHz with power dissipation of 115
mW, the 10 Gbps trans-impedance amplifier has trans-impedance gain of 45 dB(2,
bandwidth of 12 GHz with power dissipation of 100 mW [46]. Chen et al. reported
that a TTA with a 3-dB bandwidth of approximately 100 MHz was produced using
0.18 micron CMOS technology for VLC. It was mentioned that channel capacity to
150 Mbit/s could be obtained [47].

The LED light used for lighting in the smart home application can also be used
in functions such as the use of household appliances, local internet connection, visual
material transfer and online shopping. Communication via traffic lights, street lights
and LED headlamps in vehicles is the another application of VLC technology [48].
Discrete Multi Tone-DMT realization has achieved a capacity of 513 Mbit/s [49] and
1.5 Gbit/s [50] over a single channel using RGB LED devices. In the literature, fast,
energy efficient, cheap light source alternatives which can be utilized for VLC ex-
ist. GaN material is one of the candidate that semiconductor families utilized for
LED device implementation. By using it, a LED device has been implemented [51].
Zhang et al. reported that a channel capacity of 1.68 Gbit/s was achived using the
receiver/transmitter pair with a distance of 3 cm between them. Using the same ma-
terial, the source array, which was created by the implementation of the LED emitting
blue light, was hybridly integrated with a CMOS electronic integrated circuit. Thus, a
capacity of 1.5 Gbit/s was achived with 16 separate parallel ports [52]. Ref. [53] intro-
duced a LED implementation where GaN technology was used, it was possible to obtain

light at wavelengths such as 370, 405, 450 and 520 nm from different sized sources in



sequence. Light sources realized by organic materials offer cost effective solutions in
application areas such as portable electronic devices, smart phones, televisions and
information screens [54]. In Ref. [55], with channel matching method, OLED source
whose bandwidth is equal to 93 kHz was used as a transmitter with a Silicon photode-
tector which had a bandwidth of 5 MHz and a gain of 10 dB. 2.7 Mbit/s capacity is
achieved. Without channel matching method, Haigh et al. showed that communication
with a capacity of 550 kbit/s was possible [56]. Thai et al. obtained capacity of 138
kbit/s using OLED device with differential pulse position modulation-DPPM. [57].

1.5. Aim and Contribution of the Thesis

The work reported in this thesis is a part of a TUBITAK (the Scientific and
Technological Research Council of Turkey) project under the project number 117E058
carried out at the Department of Electrical and Electronics Engineering at Bogazici
University. The main aim of this project is to design an Integrated CMOS Receiver

System for high speed visible light communication.

In this thesis, architectures of both Discrete and Integrated CMOS Receiver Sys-
tems are investigated. The main purpose of this study is to increase the bandwidth of
a LED using passive and active equalizer (active CTLE) circuits and design Discrete

and Integrated CMOS Receiver System.

1.6. Organization of the Thesis

In Chapter 1, general information and corresponding literature study are given
related to optical communication, differences between Fully Integrated CMOS and

Discrete Receiver System and how to increase the limited bandwidth of a LED.

In Chapter 2, theories of the basic blocks of the optical receiver are given in detail.
Firstly, main characteristics of a photodiode namely electrical, optical, current-voltage,
noise and biasing are presented. Secondly, the most important specifications of a TTA

are discussed. The most common TIA topologies namely open loop and closed loop



are studied. Thirdly, theories of two equalizer circuits are explained. The first one
is passive CTLE which is constructed using only passive electronic components such
as resistors, capacitors. The second one is active CTLE which is created using active

(transistors) and passive elements (resistors and capacitors).

Design considerations of the PCBs of TIA and Discrete Receiver System with

simulation and measurement results are presented in Chapter 3.
Chapter 4 explains design considerations of Integrated CMOS Receiver System
which consists of three main blocks (photodiode, trans-impedance amplifier and equal-

izer. In this Chapter pre-layout and post-layout simulation results are given as well.

In Chapter 5 conclusion is made with future work.



2. THEORY

Theories of photodiode, trans-impedance amplifier and equalizer are presented in

this chapter.

2.1. Photodiode

Silicon photodiodes are semiconductor optoelectronic devices. Photons are ab-
sorbed by the semiconductor to create a flow of electrical current in the external circuit
proportional to incoming optical power. The optical energy, hr, must be larger than

the energy band gap to generate electron-hole pairs

hv > E,=E, - E, (2.1)

where h represents Planck’s constant, v stands for the electromagnetic wave frequency,
E. conduction energy (the lowest energy level of the conduction band) and E, is the
valence energy band (the highest energy level of the valence band). Energy diagram is

shown Figure 2.1 [1].

E _conductionband € e Ned
¢ A A
P
E
g
E. y -
valence band h"©°

Figure 2.1. Energy diagram [1].

A diode is a semiconductor device. It is n-type doped on one side and p-type

doped on the other side. There are a lot of free electrons in n-type region called cathode.
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There are a lot of holes in p-type region called anode. In equilibrium state, depletion
region is formed in the junction. This region does not have carriers. A pn junction is

shown in Figure 2.2.

depletion region

O— ntype W p-type —O

(Np) scr [ (N)

Figure 2.2. PN junction [1].

The width of depletion region is given as

2e X (NA +ND)%Z
= 2.2
Wscr \/ NiNp (2.2)

where Wsor stands for the width of depletion region, Np and N4 represents the doping
concentration in n-type and p-type region respectively, V; is the built-in voltage at the
junction and ¢ is the permittivity of the semiconductor material utilized. If photons
with sufficient energy impinge on a semiconductor diode, electronhole pairs are formed
in the depletion region, in the n-type region and in the p-type region. The electron and
the holes are separated from each other by the electric field within the depletion region.
Hence, generation of a photocurrent, which flows between the anode and cathode of

the diode, occurs. Hereby, a photodiode is created [1].
2.1.1. Electrical Characteristics

A current source in parallel with an ideal diode creates a silicon photodiode.
Current source represents the current generated by incident radiation. Diode stands
for p-n junction. One of the most important components is a junction capacitance C}
which is connected in parallel with the other remain components. A shunt resistance

Ry, is also connected in parallel with the other elements. Series resistance R, is in



11

series with all components. A photodiode model is shown in Figure 2.3 below [3].

lo Rs
B B —
Mon  ||Io
+
SZ p— Rph Vo R,
L L

Figure 2.3. Equivalent circuit for a silicon photodiode [3].

The components of the model are described below:

Junction Capacitance (C;): While the junction capacitance is directly propor-
tional to the diffused area, the capacitance is inversely proportional to the depletion
depth. Furthermore, the capacitance is inversely proportional to the reverse bias volt-
age. When substrate resistivity rises, junction capacitance drops. Junction capacitance

and depletion depth are shown as below

q€5i€0NAND
C. = A 2.3
7 ¢mw+wwm+mﬁ (2:3)

where A is the photodiode are, £, = 11.9 is the dielectric constant of silicon,
go = 8.854 x 1071 F/cm is the permittivity of free space, V4 is the applied voltage,
Vii is the silicon built-in voltage and Np and N4 represents the doping concentration

in n-type and p-type region respectively [3].

Shunt resistance (Rp;,): The slope of the current-voltage curve of the photodiode
at the origin determines the shunt resistance. The value of a shunt resistance in an
ideal photodiode is between 10 and 10* M. Shunt resistance is depended on noise
current. Therefore, it is used in order to find the noise current in photovoltaic mode

(when no bias is applied).
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Cross-sectional of a Planar diffused silicon photodiode is shown in Figure 2.4

below [3].

Tl _______________ AR Coating |—L||T Anode (+) ¢
| \-———————————Pi —————————— < |
' Depletion Region P

N-Type Substrate !

N+

Contact Metal

Cathode (-) &
o)

Figure 2.4. Planar diffused silicon photodiode [3].

Formulation of a shunt resistance is expressed as

(Ws - Wd)p

Ry, = 1

+ Re (2.4)
where Wy is the substrate thickness, W is the depleted region width, p is the substrate
resistivity, A is the diffused area of junction and R is the resistance of contact. Shunt

resistance value is between 10 and 10° Q [3].

2.1.2. Optical Characteristics

Responsivity (Ry): It determines efficiency of electrical current induction due to

incident optical power on a photodiode. The responsivity formulation is found as below
Ip

where Ip represents the photocurrent and P is the incoming power of light at a given

wavelength [58].
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Quantum Efficiency (Q.FE.): It is the fraction of the photon flux which contributes

to photocurrent in a photodiode. It is given by the following formula

Q.FE = Ry— (2.6)

= 124022 (2.7)

where h = 6.63 x 10734 J-s is the Planck constant, ¢ = 3 x 10® m/s is the speed of
light, ¢ = 1.6 x 1071 C is the charge of electron, ) is the wavelength in nm and Ry is
the responsivity in A/W [58].

2.1.3. Current-Voltage Characteristics

When there is no incident light, the photodiode current-voltage characteristic
is similar to a rectifier diode. When a photodiode is connected in forward bias, an
exponential rise in the current occurs. When the photodiode is connected in reverse
biased, a small reverse current arises. Current-Voltage relationship is given as

AN

[D = ISAT(GW - 1) (28)

where Ip stands for the diode current of the photodiode, g4 represents the reverse
saturation current, ¢ = 1.6 x 1071 C is the electron charge, V, is the applied voltage,
n is the ideality factor, kg = 1.38 x 10723 J/K is the Boltzmann Constant and T
represents the absolute temperature. When the photodiode is illuminated with an
optical radiation, total current can be found as below

AN
Irorar = Isar(e™sT) — Ip (2.9)

where Ip (defined in Equation 2.5) is the photocurrent, Ig4r is the reverse saturation

current [58].
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2.1.4. Noise

In a photodiode, there are two noise sources namely Shot noise (I,) and Johnson

noise (/;,,). The total noise current is found as below

WI-TAT 210

Shot Noise (I,): It is dependent on both the dark current and the photocurrent.

The shot noise magnitude is given as

I,2 = 2q(Ip + Ip)Af (2.11)

where ¢ = 1.6 x 1071? C is the charge of electron, Ip is the photocurrent, I is the
dark current of the photodetector and Af is the bandwidth of the measurement of

noise [59].

Johnson Noise (Thermal Noise, [;,): Because of the thermal fluctuations of car-
riers, there is a Johnson noise associated with the shunt resistance. The magnitude of

Johnson noise is given by the following equation

5 AkpTAf

- 2.12
J Rph ( )

where kg = 1.38 x 10723 J/K is the Boltzmann Constant, T is the absolute tempera-
ture, Af is the bandwidth of the noise measurement and R, is the photodiode shunt

resistance [59].
2.1.5. Biasing

There is a direct proportion between the photocurrent and incident light power.
When it is necessary to use voltage as the signal to be processed, a conversion of the

photocurrent to voltage is performed using a trans-impedance amplifier. Depending on
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the requirements of the application, a reverse bias may or may not be applied to the

photodiode. There are three main modes of operations for the photodiode listed as [4]:

Photovoltaic Mode: For the low frequency and low light level applications unbi-
ased photodiode is desired. A circuit for photovoltaic operation can be seen in Figure
2.5. As can be seen from Figure 2.5 the photodiode receives optical power and open

circuit voltage (V) is measured.

<

Figure 2.5. Circuit for photovoltaic operation [4].

Zero Bias Mode: There are two important properties of this mode which are

linearity and low noise. A circuit for zero bias operation can be seen in Figure 2.6.

R¢

Vout

NS

Figure 2.6. Circuit for zero bias operation [4]
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Photoconductive Mode: When the photodiode is connected in reverse bias, while
cathode becomes positive, anode becomes negative. This improves the response speed
and device linearity. The reason of this is that width of depletion region increases and
junction capacitance decreases. The dark and noise currents are increased by reverse

biasing. A circuit for photoconductive operation can be seen in Figure 2.7.

V - Bias

Optional

— NN Vou

N N

Figure 2.7. Circuit for photoconductive operation [4]

Figure 2.8 shows the effect of load resistance on the current/voltage characteris-
tics.

Effect of Load Resistance

(b) 9

-1 -0.5 Increasing

Illumination

Figure 2.8. Load resistance effect on current/voltage characteristics [4].
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In Figure 2.8, (a) is the photovoltaic operation where load resistance > shunt
resistance. (b) represents the zero bias operation in which shunt resistance > load

resistance. In addition, (c¢) belongs to photoconductive operation.
2.2. Trans-impedance Amplifier (TTIA)

The signal coming to the receiver is attenuated by a number of factors. The
current generated by the photo-detector must be amplified in order to be used in other

operations. For this purpose, trans-impedance amplifier is used in optical receivers.

There are important points to consider while designing a trans-impedance ampli-
fier. They are trans-impedance gain, bandwidth, input capacitance and input referred

noise current [60].

Trans-impedance gain is equal to the output voltage of the amplifier divided by

the input current [60]. It is expressed as follows

Ty = Sout (2.13)

n

Figure 2.9 shows the block diagram of the trans-impedance amplifier where input

is driven by a current source and output voltage is obtained.

[
) *
lin K*) l'o;u,t
Tz <7

Figure 2.9. Trans-impedance amplifier.
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Bandwidth is the upper frequency in which the gain falls 3-dB below its mid-
band value. It is mainly determined by photodiode junction capacitance C;, feedback
capacitance C'y, amplifier input capacitance C,, feedback resistance Ry and gain band-
width product of the amplifier (GBP). There is a trade off between the gain and the
bandwidth due to fact that GBP is equal to gain multiplied by bandwidth. The 3-dB

frequency of the trans-impedance amplifier is given as [61]

Jaap = \/ GBE (2.14)

QWRf(Cj + Cf + Ca)

The sensitivity of the receiver is determined by input-referred noise current (Fig-
ure 2.10). Its definition is that the noise current which can be added to the equivalent
noiseless trans-impedance gain in order to produce an equal output noise voltage to

that of the original noisy circuit. It can be expressed as follow

2
liin|? = ’””:“tl (2.15)

where Zry4 is the trans-impedance gain and v, ., is the output voltage [62].

|f n uuf|
| Viut I, ? |"r1 m|} % D—Q Vout

(Noiseless)

Figure 2.10. Input referred noise current.

Various TIA topologies are presented in this chapter.

2.2.1. Open Loop Topologies

2.2.1.1. Single Resistor Trans-impedance. Figure 2.11 shows the most basic trans-

impedance converting a current into a voltage. It is accomplished by using a resistor
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Ry, on which a current passes through. In Figure 2.11 [;,, is an ideal current source,

Cpaq represents a parasitic capacitance and C, stands for load capacitance.

Vout

| icpd RL iq
Figure 2.11. Single resistor trans-impedance circuitry in which photodiode model is

used [5].

The trans-impedance of the single resistor TIA can be expressed as follows

R;
7 = 2.16
AT 14 j2rn fRL(Cpg + C1) (2.16)

The trans-impedance factor and the 3-dB bandwidth are defined as

1Z(T1a)| = Ry (2.17)

1
27TfRL(de + CL)

fria = (2.18)

The disadvantage of the single resistor converter is that in order to increase the
bandwidth it is necessary to decrease the R;. However, doing that decreases the trans-

impedance gain [5].

2.2.1.2. Common Gate TTIA. Figure 2.12 (a) and (b) show the common-gate circuitry

and its small-signal model of the stage respectively.
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(a) (b)

Figure 2.12. (a) CG-TIA circuitry, (b) Small-signal model of CG-TIA [5], [6].

A common-gate TIA has low input impedance defined as follows

Tol —+ RD
Ry, = —//r, 2.19
L+ gmiro1 //ro ( )
_Ta+ Rp (2.20)
Imi1To1 .
1 Rp
= — 2.21
9m1 Avl ( )

where A,1 = gmiTo1 is the intrinsic gain of the transistor M1. As a result of
this, when the trans-impedance gain (Rp) increases, the input impedance rises which

decrease the bandwidth of TIA.

The low-frequency trans-impedance gain of the structure given in Figure 2.12 can

be expressed as

Ar(0) = Rp (2.22)
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Taking into consideration the effect of input capacitance and output capacitance,
the frequency dependent trans-impedance gain is given as follows
Rp

Ar = 2.23
g (14 (55)Cins) (1 + RpCouss) (2.23)

Assuming a properly scaled M1 transistor, g,,; > % therefore % > %’Z*, and
the dominant pole can be given as
9m1
= 2.24
I =50 (2.24)

This dominant pole described above determines the bandwidth of CG TTA.

As can be seen from Equation 2.24 when the g,,; is increased which can be possible
by selecting a proper biasing current /g and large width to length ratio for M, a low
impedance can be obtained. Hereby a maximum bandwidth can be achieved [5].

2.2.2. Closed Loop Topologies

2.2.2.1. Regulated-Cascode TTA. Figure 2.13 (a) and (b) show a mos based regulated

cascode circuitry and its small-signal model respectively.

Examining the small-signal analysis, the input resistance of the RGC circuit is

expressed as follows

1 1

Zin = =
g1 (gmaRo + 1) gm1(Aes +1)

(2.25)
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Figure 2.13. (a) Regulated cascode TTA circuitry, (b) Small-signal model of regulated
cascode TIA [5].

where A, is the voltage gain of the common source stage defined by

Acs = gm2<R2//Tds2) ~ gm2R2 (226)

As can be seen from Equation 2.25, the input impedance is nearly (1 + g,,2R2)
times smaller than that of a common gate TIA. The RGC-TIA has low input impedance
which is the main benefit of this structure. The low-frequency trans-impedance gain

is given as

Ar = R, (2.27)

Considering the effect of the gate-source, the gate-drain and load capacitances,

frequency dependent trans-impedance gain of RGC-TTA can be expressed as follows

gm1<gm2 + RLQ)
(s (92 + 75) (g + C15) + (3 + Cr3) (L + )]
1+Cout > 5

To,c

Ap =

(2.28)
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where Cj, = Cpp + Crsp + Cpap, Cr = Ci, + Cysa, C1 = Cyap + Cyq1 and
Ry = R2//7“d32

Because Cr > (C and Cf,

the dominant pole wpq is defined as

_ Gm1(gmaRo +1)

= 2.29
Wp1 Cr ( )
The other poles of the RGC-TIA are given as

! (2.30)

Wpy = .

2 Rlcout
9mi1

AL 2.31
wp3 ) ( )

This dominant pole described above determines the bandwidth of RGC.

Comparing Equation 2.29, for the same ¢,,; the bandwidth of RGC is (1 + A¢g)
times greater than that of CG-TIA [5], [6].

2.2.2.2. Shunt-Shunt Feedback TTA. Figure 2.14 (a) shows the basic circuit of shunt
feedback TIA and Figure 2.14 (b) shows the TIA circuitry with photodiode model. In

the circuitry (Figure 2.14 (a)) Cr includes the input capacitance of the TTA and the
capacitance of the photodiode [5].

The trans-impedance gain is given as below

V,(w) Ry

Io(w) a 1 ‘f‘jWCTbeﬁ

Zria = (2.32)
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Rfb

Cr——

(a) (b)

Figure 2.14. (a) Basic circuit of shunt feedback TTA, (b) TIA circuitry with
photodiode model [5], [6].

where A, is the open loop gain of the amplifier, Ry, is the feedback resistor and Cr

consists of the photodiode capacitance and the TIA input capacitance.

The DC trans-impedance gain can be expressed as follows

GAIN = Ry, (2.33)

The bandwidth of shunt feedback TIA is given as below

14+ A
BW = —— 2.34
27TCTbe ( )
The transfer function can be expressed as follows
V. Z
G(w) = == - b 7 (2.35)
pd 1+ m(l + Z_pd)

where Zg, is defined as

Zpy = R/ [Cho (2.36)
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where Ry, is feedback resistor and Cf, is feedback capacitor.

Zpq 1s expressed as

Zpi = Rpa/[Cpa (2.37)

where R, is photodiode resistor and C)q is photodiode junction capacitor.

A(w) is given by

= 2.38
3dB bandwidth is defined as
o (2.39)
QW(beCfb) ’

2.3. Zero Force Equalizer

There are various types of equalizers. According to where they are placed in the
channel, they can be pre-equalizer or post-equalizer blocks. When it is placed at the
transmitter side, it is called pre-equalizer. If it is placed at the receiver side, it is called
post-equalizer. It may be placed at both sides as well. Equalizer block can be active
or passive. While the passive equalizer introduces reduction in the strength of a signal
at certain frequencies, the active equalizer can amplify or attenuate certain frequencies
in order to obtain the required channel equalization. The last classification scheme
is related to the coefficients. If an equalizer has a fixed coefficient which is suitable
for a time variant channel, it is called a fixed equalizer. On the other hand, if the
coefficients can be adjusted in order to equalize for a time variant channel, it is called
an adaptive equalizer. Different kinds of equalization methods utilized at transmitter

and/or receiver side can be seen in Figure 2.15 shown below [2].
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Equalization
schemes in
serial links

| Frtiter | | DFE || cTLE | [FFE (FIRfiter)] |FFE (FIRfiter)] | DFE |
Pro-curgor + Pre-cursor +
Post-cursor Post-cursor

Pre-cursor + Pre-cursor +
Post-cursor
Post-cursor Post-cursor

Figure 2.15. Equalizer methods utilized in high speed links [2]

LEDs have a limited bandwidth and their frequency response is modeled as a
low-pass filter. Therefore, in order to obtain the best frequency response performance

it is necessary to make a combination of the LED with one of the above equalization

types [5], [6].

2.3.1. Passive Continuous Time Linear Equalizer (Passive CTLE)

A passive equalizer is a high pass filter. The low frequency components are

attenuated in this filter [7]. Figure 2.16 shows passive CTLE circuit.

R1

Vin C1 Veq

C2 R2

Figure 2.16. Passive CTLE circuit [7].
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The branch Ry//C5 creates a pole which is given as

1

Wy = (2.40)
S == A GRS
The branch R;//C) creates a zero which can be expressed as follows
1
. = 2.41
We =g (2.41)

The low frequency signal is attenuated by resistance R;. DC GAIN (AcrLg) can

be defined as follows

Ry

Acrre(0) = Rt R,

(2.42)

High frequency gain (Acrre(w — 00)) is dependent on C and Cs. It is given by
the following equation
C

(Acrre(w — ) = e (2.43)

Peaking can be found dividing high frequency gain by DC gain as in Equation
2.44
(ACTLE(W — OO)) . Wp _ Rl + R2 Cl

Peaking = = — = 2.44
CAEng Actre(0) Wy Ry G +GCy (244)

By adjusting the zero and pole with attenuation, equalization can be performed.
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Transfer function of the passive CTLE circuit is expressed as follows

R 1+ R.Cys
H(s) = e (2.45)
Rl + R2 1 + m(ol + CQ)S

2.3.2. Active Continuous Time Linear Equalizer (Active CTLE)

Figure 2.17 shows active CTLE circuit with its frequency response where frequen-
cies of zero, the first and second pole are displayed. Source degeneration structure is
used. This structure is efficient in obtaining a transfer function of the amplifier which

is the inverse of the transfer function of the LED [8].

Voo
N B
RD RD
J—Cp VOUT CpJ—
LA L
M M !
Vin i B : : : )
RS L} @p1 ©p2
4”7
Cs

Figure 2.17. Active CTLE circuit [8].

At low frequencies, the impedance of the capacitor C is too high. Therefore, it
can be assumed that the capacitor is an open circuit. In this situation, the gain of the

amplifier is degenerated at low frequencies as in Equation 2.46

_ _9mTD 2.46)
R (
1+g S S
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At high frequencies, the impedance of the capacitor C; is too low. Hence, it
can be assumed that the capacitor is a short circuit which shorts the resistance Rj.
Therefore, high-frequency gain can be achieved. The maximum gain of the circuit is

given as

Ao = gmBRp (2.47)

The location of the first pole is given as

1 + gm Rs
9m

~ 2.49
20, (2.49)

The location of this pole can be adjusted by altering the degenerating resistor

(Rs) value and the capacitor (Cy) value.

The location of the zero is defined as in Equation 2.50. The location of this zero
can be adjusted by changing the degenerating resistor (Rs) value and the capacitor
(Cs) value. Hence, the bandwidth of the Equalizer circuit can be changed as can be

seen from Figure 2.17.

(2.50)

As can be seen from Figure 2.17, another pole exists. The location of this second
pole can be changed by varying the resistor Rp and C, as in Equation 2.51.

1
w

p2 = m (2.51)
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Equations 2.52 shows the transfer function in summary.

S+ Fom
Hs) = 2 B = Ao +) o )
m=S 5+ wpr)(s+w
P(s+ mds )5+ mar) 7 e
Ideal Peaking is given in Equations 2.53.
Peak A m R
Peaking = TR0 Bt g It (2.53)

DC AO Wy 2
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3. Printed Circuit Board Realization of Zero Force Equalizer

Design considerations of two PCBs (TIA and Discrete Receiver System) with

simulation and measurement results are given in this chapter.

3.1. Printed Circuit Board Design

In this Chapter, the design and implementation of the TIA and Discrete Receiver

System are presented.

3.1.1. TIA

Figure 3.1 shows the TIA schematic.

TIAINPUT +

o

Vs

.TIA OuUTPUT

Vs +2.5V Vs -2.5V

_—C G—— p— Cs——

Ve <

Figure 3.1. Circuit schematic of TIA.
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This circuit is designed using a wide bandwidth operational amplifier (THS4304,
bandwidth = 3 GHz) in inverting configuration. In this configuration, the inverting
input receives feedback from the output. There is a feedback resistor (R;) connected
between the inverting input and amplifier output. In addition, this TIA is configured
with split power supply (+2.5 V and -2.5 V). In order to obtain proper operation,
power supply bypass capacitors (Cg, C3, C4 and Cs) are used with Ferrite beads (L
and Lo) which are shown at the bottom of the Figure 3.1 above. In order to reduce

parasitic capacitance, the ground plane is removed from under the part.

Sweep analysis is performed in order to determine the values of the components of
the TIA. While the circuit schematic (Figure 3.2 (a)) used for sweep analysis is shown
on the left, the right-hand graph (Figure 3.2 (b)) shows the effect of the feedback
resistance on 3-dB gain (in dBf2) and 3-dB frequency.

100
ADS
a0
80—
_’g 704
fle] i B e oveer ) S
7 PARAMETER SWEEP —
12 e
AC’ eep
Slr-1.0KHz s 1
Stop=100 MH:
Spms00kis 50—
7
TTTTTTTT tart=1 7
+ vac 3 |Probet , ot 30 T T I
SROIe R=1k Ohm -
zac—p'u\ammv OpAm 1E3 1E4 1E5 1E6 1E7 1E8 1E9
req=freq =
Vecay freq, Hz

(a) (b)

Figure 3.2. (a) Circuit schematic utilized for sweep analysis, (b) Effect of feedback

resistance on 3-dB gain and 3-dB frequency.

Figure 3.3 (a) shows the feedback resistance versus 3-dB gain of the TIA. Feedback
resistance versus 3-dB frequency of the TIA is shown in Figure 3.3 (b). The first graph
is obtained by sweeping the feedback resistance from 1 k{2 to 100 k2 at 10 k{2 intervals.
The second graph is obtained by sweeping the feedback resistance from 1 k€2 to 100
k) at 10 k€2 intervals.
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|
g

g
B\n
g 45

368 Galn of TIA (4B}
H

3dB Fraquancy of TIA (dB)

o 10 20 3 40 S 60 0 8 9 100
Feedhack resistance {kiChm)

k- E = i it = :
o 10 20 30 40 50 (2] F 8 90 100
Feedback resistance (kOhm)

(a) (b)

Figure 3.3. (a) Feedback resistance versus 3-dB gain, (b) Feedback resistance versus

3-dB frequency.

In view of the above graphs, the components in the Table 3.1 below are selected.

Table 3.1. Bill of Materials of TIA.

L. SMD | Reference PCB
Description
Size | Designator | Quantity
Integrated Circuit
THS4304 1
THS4304
Capacitor, 100 nF
0603 C2, C4 2
Ceramic
Capacitor, 3.3 uF
1206 C3, C5 2
Ceramic
Bead, ferrite
1206 L1, L2 2
3 A 80
Connector, 180 C 3
Female, SMA
Trimpot, 100 K
Cermet Multi Turn R1 1
Tube
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Layout and realized PCB of the TIA prepared using the elements in the table

above are shown in Figure 3.4 (a) and (b) respectively.

onj |
looo:mfo 0
c2

Figure 3.4. (a) Layout, (b) Realized.

3.1.2. Discrete Receiver System

Figure 3.5 shows the Discrete Receiver System schematic.

TIA INPUT EQUALIZER OUTPUT

7T ST T LT T T
~ ~ ~

Figure 3.5. Circuit schematic of the Discrete Receiver System.

It consists of 3 parts which are trans-impedance amplifier, equalizer and amplifier.
The equalizer is designed using active high pass filter whose operation is the same as
RC passive high pass filter. The only difference is that this circuit has an operational

amplifier in order to be able to control the gain. Shortly, it includes a passive filter
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which is followed by a non-inverting amplifier. In order to reduce parasitic capacitance,

the ground plane is removed from under the part.

A wide bandwidth operational amplifier (THS4304, bandwidth = 3 GHz) is also
selected as an amplifier for this equalizer. As in the TTA, It is configured with split
power supply (+2.5 V and -2.5 V). In order to obtain proper operation, power supply
bypass capacitors (Cg, Cr7, Cg and Cg) are used with Ferrite beads (L3 and L,) which

can be seen at the bottom of Figure 3.5.

The first block in this discrete receiver system is TIA. The values related to the
TIA were determined in the previous section. Sweep analysis is performed in order to
determine the values of the components of the equalizer. While Figure 3.6 (a) shows
the circuit schematic used for sweep analysis, Figure 3.6 (b) shows the effect of the

equalizer resistance on cutoff frequency.

ﬁ VAR
--AC VAR1 |%! PARAMETER SWEEP I
AC xyz=1k p——
ACH ParamSweep
i gx::z:/ar-"xyz"
g::g? 00/ Gtiz SiminstanceName[1]="AC1"
SiminstanceName[2]=
SiminstanceName([3]=
Equalizer_Input \ Equalizer Output_ SimlnstanceName[4]=
V_AC vl R SimInstanceName[5]=
SRC9 (o] R23 SimInstanceName[6]=
Vac=polar(0.50,0) mV c10 R=xyz Start=1
Freq=freq C=200 pF Stop=10
Step=1
(a)

dBlequalizer_gain)

-1eo I T I I T I
1E3 1E4 1ES 1ES 1ET 1E82 1E8 1E10 1E11

freq, Hz
(b)

Figure 3.6. (a) Circuit schematic utilized for sweep analysis, (b) Effect of equalizer

resistance on cutoff frequency.
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Equalizer resistance versus 3-dB Cutoff frequency of Equalizer is given in Figure
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Figure 3.7. Equalizer resistance versus 3-dB Cutoff frequency.
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Layout and realized PCB of the Discrete Receiver System prepared using the

elements in the Table 3.2 below are shown in Figure 3.8 (a) and (b).

Figure 3.8. (a) Layout, (b) Realized.
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In view of the above graphs (Figure 3.6 and Figure 3.7), the components in the

Table 3.2 below are selected for Discrete Receiver System.

Table 3.2. Bill of Materials of Discrete Receiver System.

Tube

L. SMD | Reference PCB
Description
Size | Designator | Quantity
Integrated Circuit
THS4304 2
THS4304
Capacitor, 100 nF C2, C4
0603 4
Ceramic Co, C8
Capacitor, 3.3 uF C3, C5
1206 4
Ceramic C7, C9
Bead, ferrite L1, L2
1206 4
3 A 80 L3, 14
Connector, 90 C A
Female, SMA
Capacitor, 200 pF
0603 C10 1
Ceramic
Trimpot, 100 K
R1, R2
Cermet Multi Turn 4
R3, R4

3.2. PCB Simulation Results

3.2.1. TIA

Simulations are performed using Agilent Advanced Design System. As can be

seen from Figure 3.9, in order to test functionally of the trans-impedance amplifier

circuit (no photodiode effect), a series resistor (1 k€2) is connected to the input of the

TTA so that we can produce current. The first stage of the Discrete Receiver System

is TIA which is the current to voltage converter.

For the amplifier, PSpice model
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(THS4304) is used for predicting the circuit behavior of the TIA better.

) |
/1

G
ct
@ AC C=0.85 pF
AC
A —1
ACt
Start=1.0 kHz R
Stop=100 MHz i
Step=500 kHz 7] b=
M
TIA INPUT Y 1] N
B I_Probe [IA_OUTPUT
+1 V.AC R2 I_Probe1 "
SRGY R=1k Ohm
Vac=polar(1,0)V OpAmp
Freq=freq L THS4304
- =  VEE=25V
== VCC=25V

Figure 3.9. Circuit schematic of the TTA for AC simulation.

Feedback resistance and capacitance are 5 k{2 and 0.85 pF respectively. AC
simulation from 1 kHz to 100 MHz at 500 kHz intervals is performed and the frequency
response of the trans-impedance amplifier circuit is examined. The 3-dB frequency of
the trans-impedance amplifier circuit is 36.50 MHz (marker m2) and the midband gain
is 73.97 dBQ (marker m1). The frequency response of the trans-impedance amplifier

circuit is shown in Figure 3.10.

o)) Gain=TIA_OUT/I_Probel .|

dBiGain}
1

1E3 1E4 1EE 1E6 1E7 1E2

Figure 3.10. Frequency Response of the TTA.
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Figure 3.11 shows the circuit schematic of the TTA for transient simulation where

input is a sinusoidal wave.

C
C1
TRANSIENT C=0.85 pF
Tran t-=—"\V\V\—=
Tran1 R
StopTime=1800.0 nsec R1
MaxTimeStep=1.0 nsec ﬁ R=5 kOhm

R=1kOhm

TIA_INPUT
R |_Probe TIA OUTPUT
+1 ViSine R2 |_Probe1 .
SRC19

Vde=0 mV OpAmp
Amplitude=100 mV THS4304
Freq=5 MHz 1 VEE=25V
Delay=0 nsec = vece=25V
Damping=0

Phase=0

Figure 3.11. Circuit Schematic of the TTA for transient simulation.

Peak-to-peak 200 mV voltage of sinusoidal wave at 5 MHz (Figure 3.12 (a)) is
applied to the series resistor (1 k2) and the output is examined. Figure 3.12 (a) shows
the sinusoidal input. Since the feedback resistance is equal to 5 k€2, the peak-to-peak
value of the output voltage is equal to 0.99 V which is obtained by summing 0.456 V

(marker m1) and 0.529 V (marker m2) in Figure 3.12 (b).

m1
1 500
K m1
50—
] z 0]
z ] '5 a
< 4 o
= =
= -200—
50—
4 I
-100 L e 1 S N B B B -600 T T T T T | 7T T
0.0 0.2 04 06 0.8 1.0 12 14 16 18 0.0 02 04 06 08 10 137 14 16 18
time, usec time, usec
(a) (b)

Figure 3.12. (a) Sinusoidal input at 5 MHz, (b) Sinusoidal output of the TIA at 5
MHz.
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Figure 3.13 shows the circuit schematic of the TTA for transient simulation where

input is a square wave.

L

C
C1
C=0.85 pF
%5 | TRANSIENT
—\ VNV
Tran R
Tran1 R1
StopTime=100 nsec R=5 kOhm
MaxTimeStep=1 nsec (D
I—>—|
TIA_INPUT rrs L] ~
R |_Probe TIA_OUTPUT
4 VtPulse R2 |_Probe1 "
SRER R=1 kOhm
Viow=-100 mV OpAmp
Vhigh=100 mV THS4304
=-| Delay=0 nsec =  VEE=-25V
—L  Edge=linear VCC=25V
~  Rise=0 nsec
Fall=0 nsec

Width=10 nsec
Period=20 nsec

Figure 3.13. Circuit Schematic of the TTA for Transient simulation.

Figure 3.14 (a) and (b) show the applied square wave input and the output at 1

MHz respectively. As can be seen from Figure 3.14 (b), since the frequency is within

the bandwidth, the output waveform appears as a square wave and the peak-to-peak

value of the output voltage is equal to 1 V which is obtained by summing 0.462 V
(marker m1) and -0.535 V (marker m2) in Figure 3.14 (b).

m1
100 ¥

TIA 1N, mY
1

time, usec

T
14

T T
16 18 20

Figure 3.14. (a) Square wave input at 1 MHz,

MHz.

TIA QUT, my

m1

(b) Output response of the TIA at 1
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Figure 3.15 (a) and (b) show the applied square wave input and the output at
50 MHz respectively. As can be seen from Figure 3.15 (b), the output waveform is

distorted because the frequency is out of the bandwidth.

m1
¥

ipe 100
ml

50

TIA_IN, my
T

TIA QUT, mV
|

_50;

B e e o L E e e e e e A
o 10 20 30 40 50 60 70 4] g0 100 1] 10 20 ki) 40 50 ] 70 80 50 100

time, nsec time, nsec

(a) (b)

Figure 3.15. (a) Square wave input at 50 MHz, (b) Output response of the TTA at 50
MHz.

Figure 3.16 shows the output noise density of the TIA obtained by noise simula-

tion using Agilent Advanced Design System.

) 700
RIS

600 —

500—

400—

300—

200—

100—

0
| | | |
1E3 1E4 1E5 1E6 1E7 1E3

T OUT noise, nV

freq, Hz

Figure 3.16. The output noise density of the discrete TIA.
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Simulation summary of the TIA is shown in Table 3.3 below.

Table 3.3. Simulation summary of TIA.

Midband gain 73.97 dBQ2
3-dB frequency 36.50 MHz
Rise time 0.01 ns

Fall time 0.01 ns
Output range 3V (p-p)

Input current range | 660 pA (p-p)
Noise (input referred) | 0.13 nA/VHz

Power consumption 92.5 mW

3.2.2. Discrete Receiver System

Simulations of the Discrete Receiver System are again performed using Agilent
Advanced Design System. As can be seen from Figure 3.17, in order to test functionally
of the Discrete Receiver System (no photodiode effect), a series resistor (1 kf2) is
connected to the input of the Discrete Receiver System so that we can produce current
because the first block of the Discrete Receiver System is TIA which is the current to
voltage converter. For the amplifier, PSpice model (THS4304) is used for predicting
the circuit behavior of the TIA better.

Cc

c1
C=0.85 pF
ﬁ}

AC

AC1
Start=100.0 kHz
Stop=400 MHz
Step=

TIA_INPUT

R ¥ .-
v robe
5 \sﬁéce Eii kOhm > [ R23 OpAmp
Vac=polar(0.50,0) mV OpAmp c10 R=21.5 Ohm THS4304
Freq=fieq THS4304 ©=200 pF VEE=-25V
- e vce=25V

= VEE=25V
vce=2.5V

Figure 3.17. Circuit Schematic of the Discrete Receiver System for AC simulation.
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Feedback resistance and capacitance of this TIA are 4.44 kQ2 (R1) and 0.85 pF
(C1) respectively. The second block is the equalizer which consists of 21.5 Ohm resistor
(R23) and 200 pF capacitor (C10). This block followed by a non-inverting amplifier for
increasing the gain more. It has two resistors of 27 kOhm (R20) and 23 kOhm (R21)
which determine the value of the pass band voltage gain. For this amplifier, PSpice
model (THS4304) is also utilized for predicting the circuit behavior of the non-inverting

amplifier better.

The frequency response of the Discrete Receiver System (zoomed in) from the
input of the TIA to the output of the equalizer is shown in Figure 3.18 (a). Figure
3.18 (b) shows the frequency response of the Discrete Receiver System (fully viewed).
The first and second pole frequencies are equal to 56.54 MHz (marker m17) and 72.68
MHz (marker m18) respectively.

120 aps 120

1104 100—
m7 4

] m17 m18
1004 — 80—

90— 50—

dB(rec)
dBirec

SD; 40—

70-] 20 ‘ ‘
4E7 5E7 6ET 7E7 BET 9E7 1ES 128 1E7 1E8

freq, Hz freq, Hz

(a) (b)

Figure 3.18. (a) Frequency response of the Discrete Receiver System (zoomed in), (b)

Frequency response of the Discrete Receiver System (fully viewed).

Peak-to-peak 100 mV voltage of sinusoidal wave at 70 MHz (Figure 3.19) is
applied to the input of the Discrete Receiver System (to the series resistance (1 k(2))

and the signal at the equalizer stage output is examined.
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R |_Probe [IA OUTPUT _, ) I . S
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Vhigh=50 mV THS4304 C=200 pF VEE=-2.5V
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—L- Edge=linear VCC=25V —
~ Rise=0nsec
Fall=0 nsec

Width=25 nsec
Period=50 nsec

Figure 3.19. Circuit schematic of the Discrete Receiver System for transient

simulation.

Figure 3.20 (a) shows the sinusoidal input of the Discrete Receiver System. The
peak-to-peak value of the output voltage of the Discrete Receiver System is equal to
2.98 V which is obtained by summing 1.49 V (marker m3) and -1.49 V (marker m4) in
Figure 3.20 (b).

m3
. 60 i 15 ¥
40— 1.0
] 0.5
20—
> o =
E 00|
Z 0~ 9,
|
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B S e e e e e LA B e L e e e LA B s s
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(a) (b)

Figure 3.20. (a) Sinusoidal input of the Discrete Receiver System at 70 MHz, (b)
Sinusoidal output of the Discrete Receiver System at 70 MHz.
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Figure 3.21 shows the circuit schematic of the Discrete Receiver System for tran-

sient simulation where input is a square wave.

C
Cc12

TRANSIENT C=0.85 pF
Tran
Tran1
StopTime=220 nsec
MaxTimeStep=1.0 nsec ﬁ o
AA
TIA_INPUT ! I
R |_Probe IIA_OUTPUT
|_Probe2
+  ViPuise R25 | "
e ke 211 FR?; 5 Oh ?}32;3%4
Viow=-50 mV/ OpAmp = m
Vhigh=50 mV = THS4304 C=200 pF VEE=-25V
-| Delay=0 nsec = VEE=25V VCC=25V

Edge=linear vee=2.5V

Rise=0 nsec
Fall=0 nsec
Width=25 nsec
Period=50 nsec

Figure 3.21. Circuit schematic of the Discrete Receiver System for transient

simulation.

Figure 3.22 (a) and (b) show the applied square wave input and the output at 70
MHz respectively. As can be seen from Figure 3.22 (b), since the frequency is within
the bandwidth, the output waveform almost appears as a square wave and the peak-
to-peak value of the output voltage is equal to 2.98 V which is obtained by summing
1.49 V (marker m3) and -1.49 V (marker m4) in Figure 3.22 (b).
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Figure 3.22. (a) Square wave input of the Discrete Receiver System at 70 MHz, (b)
Output response of the Discrete Receiver System at 70 MHz.
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Figure 3.23 (a) and (b) show the applied square wave input and the output at

100 MHz respectively. As can be seen from Figure 3.23 (b), the output waveform is

distorted because the frequency is out of the bandwidth of the receiver block.

s B0 Tt

Receiver_IN, mv

time, nsec

(a)

m3

_ 10 ¥

EQU_CUT v

05
00

05

LI L L L L B B B
200 205 210 215 220 25 230 235 2

time, nsec

(b)

Figure 3.23. (a) Square wave input of the Discrete Receiver System at 100 MHz, (b)

Output response of the Discrete Receiver System at 100 MHz.

Simulation summary of Discrete Receiver System is presented in Table 3.4 below.

Table 3.4. Simulation summary of Discrete Receiver System.

Peaking gain

54 dBS2

First pole frequency

56.54 MHz

Second pole frequency

72.68 MHz

Rise time

3 ns

Fall time

3 ns

Output range

3V (p-p)

Input current range

140 pA (p-p)

Power consumption

185 mW

3.3. PCB Measurement Results

There are three measurements to be discussed in this section. In the first measure-

ment, TTA is tested functionally (no photodiode effect). In the second measurement,
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Discrete Receiver System is tested functionally (no photodiode effect). Figure 3.24 (a)
shows the series resistor circuit (1 k€2) which converts the applied voltage to current.
From the input of this circuit, we apply a signal, the output of this circuit is connected
to the inputs of TTA and Discrete Receiver System for two measurements respectively.
This circuit is used for testing two PCBs functionally before performing the test with
visible light for Discrete Receiver System. Figure 3.24 (b) demonstrates Measurement
Setup for two PCBs (TTA and Discrete Receiver System). In this setup for first two
measurements, lenses and visible light generated at the transmitter side by transmitter

circuit are not used.

In the third measurement Discrete Receiver System is tested by using the setup
in Figure 3.24 (b) where lenses are used with visible light generated at the transmitter
side by a LED (bandwidth of the LED is equal to 500 kHz). In addition, a photodiode
(bandwidth of the photodiode is equal to 200 MHz) connected to this Discrete Receiver

System is used at the receiver side (photodiode effect included).

Figure 3.24. (a) A series resistor circuit for generating current, (b) Measurement

Setup.

Figure 3.25 (a), (b), (c¢) and (d) show the devices used in the setup of the mea-
surement environment for the both TTA and Discrete Receiver System. Because the

TIA is configured with split power supply, the power supply shown in Figure 3.25 (a) is
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used. +2.5 V and -2.5 V are obtained from this power supply and given to the relevant
connector headers on the PCB of TIA. Figure 3.25 (b) demonstrates the Programmable
Power Supply used for biasing the photodiode in order to operate it in photoconduc-
tive mode (external reverse bias applied). The oscilloscope in Figure 3.25 (c) is utilized
in measurement of two PCBs. Figure 3.25 (d) shows the function generator used for

generating required electrical signals such as 5 MHz sinusoidal signal.

(d)

Figure 3.25. (a) DC Power Supply, (b) Programmable Power Supply, (¢c) HAMEG

Oscilloscope, (d) Function Generator.

3.3.1. TIA

Measurements are performed using HAMEG oscilloscope. As can be seen from
Figure 3.24 (a), in order to test functionally of the trans-impedance amplifier circuit (no
photodiode effect), a series resistor (1 k(2) is connected between the function generator
and the input of the TIA so that we can generate current signal. Feedback resistance
is 5 k€. AC measurement from 100 kHz to 100 MHz is performed by collecting 23
data. Using the collected data, frequency response of the trans-impedance amplifier
circuit is created. The 3-dB frequency of the trans-impedance amplifier circuit is equal
to 37.12 MHz and the gain is equal to 73.45 dBS2. The frequency response of the

trans-impedance amplifier circuit is given in Figure 3.26.



49

s
-

g

Galn (V/A, dB Q)

& ]
[

w* w® w w?
Frequency {Hz)

Figure 3.26. Frequency Response of the TTA.

Sinusoidal wave at 5 MHz (Figure 3.27 (a)) is applied to the input and the output
is examined. Since the feedback resistance is equal to 5 k€2, the peak-to-peak value of

the output voltage is equal to 1.06 V which is given in Figure 3.27 (b).
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Figure 3.27. (a) Sinusoidal input of the TIA at 5 MHz, (b) Sinusoidal output of the
TIA at 5 MHz.
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Figure 3.28 (a) and (b) show the applied square wave input and the output at 1
MHz respectively. As can be seen from Figure 3.28 (b), since the frequency is within
the bandwidth, the output waveform appears as a square wave and the peak-to-peak

value of the output voltage is equal to 1.4 V.
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Figure 3.28. (a) Square wave input of the TIA at 1 MHz, (b) Output response of the
TIA at 1 MHz.

Figure 3.29 (a) and (b) show the applied square wave input and the output at
50 MHz respectively. Even if we apply a square wave with a frequency outside the
bandwidth, the signal that is generated by the function generator for input is sine-

shaped due to its property. Hence, the signal is not distorted in Figure 3.29 (b).
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Figure 3.29. (a) Square wave input of the TIA at 50 MHz, (b) Output response of the
TIA at 50 MHz.
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Measurement summary of TTA is given in Table 3.5 below.

Table 3.5. Measurement summary of TIA.

Midband gain 73.45 dBS2
3-dB frequency 37.12 MHz
Rise time 5 ns
Fall time D ns

Power consumption 92.5 mW
PCB size 3.5 cm x 3 cm

3.3.2. Discrete Receiver System

As can be seen from Figure 3.24 (a), in order to functionally test the Discrete
Receiver System (no photodiode effect), a series resistor (1 k€2) is connected between
the function generator and input of the Discrete Receiver System (input of the first
block which is TIA) so that we generate current signal. Measurements are performed
using HAMEG oscilloscope. AC measurement from 1 MHz to 100 MHz is performed by
collecting 24 data. Using the collected data, frequency response of the discrete receiver
system is created. Frequency response of the Discrete Receiver is shown in Figure 3.30.

The first and second pole frequencies are equal to 20 MHz and 40 MHz respectively.
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Figure 3.30. Frequency Response of the Discrete Receiver System.
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Sinusoidal wave at 35 MHz (Figure 3.31 (a)) is applied to the input of the Discrete
Receiver System and the output is examined. The output voltage is equal to 608 mV
which is given in Figure 3.31 (b).
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Figure 3.31. (a) Sinusoidal input of the Discrete Receiver System at 35 MHz, (b)

Sinusoidal output of the Discrete Receiver System at 35 MHz.

Figure 3.32 (a) and (b) show the applied peak-to-peak 816 mV square wave input
and the output at 10 MHz respectively. As can be seen from Figure 3.32 (b), the output

waveform is distorted because the frequency is out of the bandwidth.
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Figure 3.32. (a) Square wave input of the Discrete Receiver System at 10 MHz, (b)
Output response of the Discrete Receiver System at 10 MHz.
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Figure 3.33 (a) and (b) show the applied peak-to-peak 800 mV square wave input
and the output at 35 MHz respectively. As can be seen from Figure 3.33 (b), since the
frequency is within the bandwidth, the output waveform appears as a square wave and

the peak-to-peak value of the output voltage is equal to 648 mV.
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Figure 3.33. (a) Square wave input of the Discrete Receiver System at 35 MHz, (b)
Output response of the Discrete Receiver System at 35 MHz.

Measurement summary of Discrete Receiver System is shown in Table 3.6 below.

Table 3.6. Measurement summary of Discrete Receiver System.

Peaking gain 65 dBf2
First pole frequency 20 MHz
Second pole frequency 40 MHz
Rise time 11 ns
Fall time 11 ns
Power consumption 185 mW
PCB size 7.5 cm x 3.5 cm
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3.3.3. Discrete Receiver System with Visible Light Communication

Measurements are performed using HAMEG oscilloscope. LED is forward biased
by a 2.8 V DC bias voltage, and driven by a 2 V peak to peak AC signal. AC measure-
ment from 1 MHz to 100 MHz is performed by collecting 24 data. Using the collected
data, frequency response of the discrete receiver system with visible light communica-
tion is created. The 3-dB frequency of the discrete receiver system with visible light
communication is equal to 50.12 MHz. The frequency response of the discrete receiver
system with visible light communication (input voltage of the LED divided by output

voltage of the Discrete Receiver System) is given in Figure 3.34 (photodiode effect
included).
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Figure 3.34. Frequency response of the Discrete Receiver System with visible light

communication.
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Sinusoidal wave at 10 MHz (Figure 3.35 (a)) is applied to the input of the LED
driver circuit and the output of the Discrete Receiver System is examined. The peak-

to-peak value of the output voltage is equal to 152 mV which is given in Figure 3.35

(b).
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Figure 3.35. (a) Sinusoidal input of the Discrete Receiver System with visible light
communication at 10 MHz, (b) Sinusoidal output of the Discrete Receiver System

with visible light communication at 10 MHz.

Figure 3.36 (a) and (b) show the applied square wave input to the LED driver
circuit and the output of the discrete receiver system at 10 MHz respectively. As can
be seen from Figure 3.36 (b), since the frequency is within the bandwidth, the output

waveform appears as a square wave.
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Figure 3.36. (a) Square wave input of the Discrete Receiver System with visible light
communication at 10 MHz, (b) Output response of the Discrete Receiver System with

visible light communication at 10 MHz.
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Figure 3.37 (a) and (b) show the applied square wave input to the LED driver
circuit and the output of the Discrete Receiver System at 50 MHz respectively. Even
if we apply a square wave, the signal that is generated by the function generator for
input is sine-shaped due to its property.
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Figure 3.37. (a) Square wave input of the Discrete Receiver System with visible light
communication at 50 MHz, (b) Output response of the Discrete Receiver System with

visible light communication at 50 MHz.

Measurement summary of Discrete Receiver System with Visible Light Commu-

nication is presented in Table 3.7 below.

Table 3.7. Measurement summary of Discrete Receiver System with Visible Light

Communication.
3-dB frequency 50.12 MHz
Rise time 23 ns
Fall time 23 ns
Power consumption 185 mW
PCB size 3.5 cm x 3 cm
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4. Integrated Circuit

This chapter provides general information about the design of the blocks namely
photodiode, trans-impedance amplifier, current mirror and equalizer with Integrated

CMOS Receiver System.

4.1. CMOS Technology used for IC Design

In the design of blocks, UMC 130 nm CMOS Technology is used. From this
technology, N-12-HSL130E (transistor) device is used for the design of the blocks of
trans-impedance amplifier and equalizer. The length of this transistor is constant 130
nm. RNNPO-RF (resistor) and RNHR-RF (resistor) devices are utilized for the design
of the blocks of trans-impedance amplifier and equalizer. These are a four terminal
resistors where NW terminal is connected to vdd and PSUB terminal is connected
to gnd. MOMCAPS-RF device is used for the design of the equalizer block. It is a
four terminal capacitor where NW terminal is connected to vdd and PSUB terminal is

connected to gnd.

4.1.1. Photodiode

By using the equation shown below, area of photodiode can be calculated for

different junction capacitance values.

qesicoNaNDp
C. = A 4.1
J \/2(‘/1,i+VA)(NA+ND) ( )

Due to the fact that the process is not revealed by the manufacturer, the junction

capacitance of the photodiode has been calculated under the assumption that:

A
m3)

Np > N, and N4 (the doping concentration in p-type region) is equal to 10%

€si = 11.9 is the dielectric constant of silicon, g9 = 8.854x 107 F /cm is the permittivity
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of free space, V4 = 0.8V is the applied voltage and V}; = 0.45V is the silicon built-in

voltage.

Figure 4.1 shows photodiode junction capacitance versus photodiode area. Data

points (photodiode area) shown on the graph are obtained by using Equation 4.1 above.

<107

Photodinde Area (m 2)

-4
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Figure 4.1. Photodiode junction capacitance versus photodiode area.

For the junction capacitance value of 2 pF, the calculated area of photodiode is
equal to 154 pum x154pm. The photodiode models that will be used in the simulations

are shown in Figure 4.2.

Photodiode
Photodicdesl Photodiode?
+ + + . .
= £ E = =
AC
I Mag=70u _|_ O3 R1 | = R2
D Phase=0 | 2@ 000K | | T 2P 000K
Offset=04
E . .
= = E-. = ]

Figure 4.2. Schematic of the equivalents for two types of photodiodes used for

simulation.
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4.1.2. TIA

The CMOS trans-impedance amplifier designed for IC implementation converts
the electrical current obtained from the photodiode into voltage with the least possible
noise addition. Therefore, while the input of the circuit is current based, the output
is voltage based. The designed and simulated trans-impedance amplifier works as a
differential. In the simulation process, one input of the circuit is driven by current,
while the other input is not supplied with any current and thus the differential input
is formed. The current at the input passes over the feedback resistor in order to form
a differential voltage at the output. The schematic design of the trans-impedance

amplifier selected for CMOS IC implementation is given in Figure 4.3.

R1 R2
M5 M6
: E
— |
M1 M2

—— -
Voigst—— B B bz

I

Figure 4.3. Schematic of CMOS TIA circuit.

Block diagram of the CMOS TIA is shown in Figure 4.4 where differential input

and output voltages are displayed with two feedback resistors.
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Figure 4.4. Schematic of CMOS TIA circuit (block diagram).

As seen in the schematic of Figure 4.3, the gates of the transistors M3 and M4 are
located at the differential input of the circuit. Here, the input of the transistor M4 is
driven by the current in order to model the active photodiode, and no current is applied
to input of the transistor M3. In addition, cascade connection is used for both (M1 -
M4 and M2 - M3) transistor pairs in order to increase the gain. The source terminals
of the transistors M5 and M6 are outputs. These two transistors perform the buffering
function. Two feedback resistances are used. While the first one is connected between
the gate of M4 and the source of M5, the second one is connected between the gate of
M3 and the source of M6. Thus, the outputs (the source voltages of the transistors M5
and M6 ) of this circuit are isolated from the amplifier side. In the trans-impedance

amplifier, the transistors M1 and M2 are biased with the voltages Vbiasl and Vbias2.

In addition, a current mirror is implemented with a low voltage topology in order
to keep all MOS transistors in the saturation region. This low voltage current mirror

is shown in Figure 4.5 where the current of transistor M7 is copied to the transistors

M9, M11 and M13.



61

e

T vout-
T ibiasi

=
=
']
=
[y
[
=
[y
W

ﬁ
o
]
5

3
i
L
=
T
=
i
=

E
]
;
=k
.g,
f

Figure 4.5. Schematic of low voltage current mirror.

In order to observe variation of the 3-dB frequency of TIA, junction capacitance
of photodiode is swept. Figure 4.6 shows photodiode junction capacitance versus 3-dB
frequency of TTA. This graph was obtained by sweeping the junction capacitance of
photodiode from 1 pF to 50 pF (all ten initial values and from 20 pF to 50 pF at 10
pF intervals). The 3 dB Bandwidth values are obtained in AC analysis with Mentor

Graphics (pre-layout simulation).
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Figure 4.6. Junction capacitance of photodiode versus 3-dB frequency of TTA.
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In view of the graph given in Figure 4.6, the components in the Table 4.1 below
are selected for the TTA. N-12-HSL130E transistor model is used with RNNPO-RF
resistor model. Sizing for all devices in Figure 4.3 is shown in the Table 4.1. In Figure
4.3 the resistance of R1 is equal to 200 2 which is obtained by connecting X2 and X5
(Table 4.1) in parallel. The resistance of R2 is equal to 200 2 which is obtained by
connecting X1 and X6 (Table 4.1) in parallel. The resistance of R3 is equal to 200
which is obtained by connecting X3 and X7 (Table 4.1) in parallel. The resistance of
R4 is equal to 200 2 which is obtained by connecting X4 and X8 (Table 4.1) in parallel.

Table 4.1. Component values of TIA.

Device Type Width | Length | Multiplier | Finger
M1 NMOS 20u 0.4u 2 1
M2 NMOS 20u 0.4u 2 1
M3 NMOS 20u 0.4u 2 1
M4 NMOS 20u 0.4u 2 1
M5 NMOS 7.5u 0.4u 2 1
M6 NMOS 7.5u 0.4u 2 1
X1 400.049 Q2 | 6.54u 2u 1 -
X2 400.049 Q2 | 6.54u 2u 1 -
X3 400.049 Q2 | 6.54u 2u 1 -
X4 400.049 ©2 | 6.54u 2u 1 -
X5 400.049 ©2 | 6.54u 2u 1 -
X6 400.049 2 | 6.54u 2u 1 -
X7 400.049 © | 6.54u 2u 1 -
X8 400.049 © | 6.54u 2u 1 -

Similar to the previous procedure, the components in the Table 4.2 below are
selected for the low voltage current mirror. N-12-HSL130E transistor model is used.
Transistors (M7, M8, M9, M10, M11, M12, M13, M14) have 20 um width, 0.4 um

length, 1 finger and 1 multiplier.



Table 4.2. Component values of low voltage current mirrors.

Device | Type | Width | Length | Multiplier | Finger
M7 NMOS 20u 0.4u 1 1
M8 NMOS 20u 0.4u 1 1
M9 NMOS 20u 0.4u 1 1
M10 | NMOS 20u 0.4u 1 1
M11 | NMOS 20u 0.4u 1 1
M12 | NMOS 20u 0.4u 1 1
M13 | NMOS 20u 0.4u 1 1
M14 | NMOS 20u 0.4u 1 1

Figure 4.7 shows the layout of the trans-impedance amplifier which is drawn using
the components in Table 4.1 and 4.2. All CMOS layouts in this study are drawn using

common centroid technique where the effect of thermal or linear process gradients is

reduced.

110 pm

200 pm

Figure 4.7. Layout of trans-impedance amplifier.
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4.1.3. Equalizer

The equalizer design is required since the bandwidth of the light coming onto
the receiver is not high and therefore it is necessary to increase the amplitude of the
high frequency components. The frequency response of the light source LED is similar
to a low-pass filter. The equalizer circuit must show constant gain at low frequencies
and the gain must increase with frequency after a certain frequency. In this case,
the frequency response of the corresponding equalizer circuit must be like a high-pass
filter. Active continuos time linear equalizer with source degeneration structure is
used for this purpose. The schematic design of the equalizer selected for CMOS IC
implementation is given in Figure 4.8. This circuit uses outputs of the fully differential

TIA circuit (given in Figure 4.3) as its inputs.
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Figure 4.8. Schematic of Equalizer circuit.
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The transistors M15 and M16 in the circuit are used in order to produce propor-
tional currents with driving voltages V;,. and V;,_, respectively. The resistance and
capacitance between the drains of the transistors M15 and M16 ensure source degener-
ation. At low frequencies, the equivalent impedance value increases due to the increase
in the impedance of the capacitor as the frequency decreases. Therefore, high resis-
tance is obtained for low frequencies. At high frequencies, the equivalent impedance
value decreases due to the decrease in the impedance of the capacitor as the frequency
increases. Therefore, low resistance is obtained for high frequencies. Thus, as the fre-
quency increases, the ratio of the output to the input will increase. The resistance and
capacitance values have no effect on the DC operating point of the circuit. In addition,
these resistance and capacitance values create poles. The nodes Vin+ and Vin- marked
as ports are the outputs of the previous block (trans-impedance amplifier) and the AC
signal is supplied to the equalizer circuit from these nodes. 180 degrees phase different

outputs of the circuit are taken from Outl and Out2 nodes.

In addition, current mirror is implemented with a low voltage topology in order
to saturate the transistors in the circuit. This low voltage current mirror is shown in

Figure 4.9 where the current of transistor M7 is copied to the transistors M19 and

M21.
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Figure 4.9. Schematic of low voltage current mirror.
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In order to observe the low frequency gain and the zero frequency of the Equalizer

(explaned in section 2.3.2 in detail), degeneration resistor is swept. Figure 4.10 shows

the effect of the degeneration resistor on low frequency gain and zero frequency.
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Figure 4.10. Effect of degeneration resistor on low frequency gain and zero frequency.

Figure 4.11 (a) shows degeneration resistor (R3 in Figure 4.8) versus low-frequency

gain of the Equalizer. It is obtained by taking 11 low-frequency gain values which are

acquired by sweeping the degeneration resistance from 1 kQ2 to 500 k€2 at 50 k€2 in-

tervals. Figure 4.11 (b) shows degeneration resistor (R3 in Figure 4.8) versus zero

frequency of the Equalizer. This plot is generated by taking 11 zero frequency values

which are acquired by sweeping the degeneration resistance from 1 k{2 to 500 k€2 at 50
k(2 intervals.
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Figure 4.11. (a) Degeneration resistor versus low frequency gain, (b) Degeneration

resistor versus zero frequency.
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In order to observe the first pole frequency and the zero frequency of the Equalizer,
degeneration capacitor (C1 in Figure 4.8) is swept. Figure 4.12 shows the effect of the

degeneration capacitor on the first pole and zero frequency.
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Figure 4.12. Effect of the degeneration capacitor on the first pole frequency and zero

frequency.

Figure 4.13 (a) shows degeneration capacitor (C1 in Figure 4.8) versus the first
pole frequency of the Equalizer. It is obtained by taking 10 first pole frequency values
which are acquired by sweeping the degeneration capacitance from 1 pF to 10 pF at 1
pF intervals. Figure 4.13 (b) shows degeneration capacitor (C1 in Figure 4.8) versus
zero frequency of the Equalizer. This plot is generated by taking 10 zero frequency
values which are acquired by sweeping the degeneration capacitance from 1 pF to 10

pF at 1 pF intervals.
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Figure 4.13. (a) Degeneration capacitor versus first pole frequency, (b) Degeneration

capacitor versus zero frequency.
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In order to observe the second pole frequency, load capacitor is swept. Figure

shows the effect of the load capacitor on the second pole frequency.
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Figure 4.14. Effect of the load capacitor on the second pole frequency.

Figure 4.15 shows load capacitor versus the second pole frequency of the Equal-

It is obtained by taking 10 second pole frequency values which are acquired by

sweeping the load capacitance from 1 pF to 10 pF at 1 pF intervals.
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Figure 4.15. Load capacitance versus second pole frequency.
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In view of the above graphs in Equalizer section, the components in the Table
4.3 below are selected for this Equalizer. N-12-HSL130E transistor model is used with
the resistor models of RNNPO-RF and RNHR-RF. While from X9 to X14, RNNPO-
RF resistor model is used, from X15 to X17 RNHR-RF resistor model is utilized. In
addition, MOMCAPS-RF capacitor model is used. Sizing for all devices in Figure 4.8
is shown in the Table 4.3. In Figure 4.8 the resistance of R1 is equal to 103.21 €2 which
is obtained by connecting X9, X10 and X11 (Table 4.3) in parallel. The resistance of
R2 is equal to 103.21 2 which is obtained by connecting X12, X13 and X14 (Table 4.3)
in parallel. The resistance of R3 is equal to 100 k{2 which is obtained by connecting
X15, X16 and X17 (Table 4.3) in series. In addition, the capacitance of C1 is equal to
2 pF which is obtained by connecting 30 67.752 fF capacitor in parallel (30 multiplier
is chosen, Table 4.3).

Table 4.3. Component values of Equalizer.

Device Type Width | Length | Multiplier | Finger
M15 NMOS S5u 0.4u 2 1
M16 NMOS Su 0.4u 2 1
X9 309.602 2 Su 2u 1 -
X10 | 309.602 2 Su 2u 1 -
X11 309.602 Su 2u 1 -
X12 309.602 Su 2u 1 -
X13 | 309.602 2 Su 2u 1 -
X14 | 309.602 Su 2u 1 -
X15 44.455 k 20u 0.5u 1 -
X16 44.455 k 20u 0.5u 1 -
X17 11.094 k | 5.32u 0.5u 1 -
X33 67.752 tF 20u - 30 10
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Similar to the previous procedure, the components in the Table 4.4 below are
selected for the low voltage current mirror. N-12-HSL130E transistor model is used.
While the transistors (M19, M20, M21 and M22) have 5.60 um width, 0.4 um length,
1 finger and 1 multiplier, the transistors (M17 and M18) have 20 um width, 0.4 um
length, 1 finger and 1 multiplier. In order to obtain 70 pA, 5.60 um width is chosen,
since drain current flowing through transistors M17 and M18 is equal to 250 pA and

these transistors have 20 um width.

Table 4.4. Component values of low voltage current mirrors.

Device | Type | Width | Length | Multiplier | Finger
M17 | NMOS 20u 0.4u 1 1
M18 | NMOS 20u 0.4u 1 1
M19 | NMOS | 5.60u 0.4u 1 1
M20 | NMOS | 5.60u 0.4u 1 1
M21 | NMOS | 5.60u 0.4u 1 1
M22 | NMOS | 5.60u 0.4u 1 1

Figure 4.16 shows the layout of the equalizer which is drawn using the components

in Table 4.3 and 4.4.
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Figure 4.16. Layout of Equalizer circuit.
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4.1.4. Integrated CMOS Receiver System

Figure 4.17 shows all the blocks and their connections used in the Integrated
CMOS Receiver System. It consists of blocks of photodiode, current mirror inputs,

trans-impedance amplifier bias voltages, supply voltage, current mirror, trans-impedance

amplifier, equalizer and load.
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Figure 4.17. Schematic of receiver circuit.

Layout of the whole receiver is given in Figure 4.18 below.

200 pm

470 pm

Figure 4.18. Layout of receiver circuit.
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4.2. IC Pre-Layout Simulation Results

4.2.1. Photodiode

Figure 4.19 shows the test bench of the photodiode where the first photodiode is
modelled with a current source in parallel with a juntion capacitor and shunt resistor.
The second photodiode is modelled with a junction capacitor in parallel with a shunt

resistor. Values of these components are shown in Figure 4.19.

Photodiode
Photodiodel Photodiode2
% + + . .
E E i
I«"Iag =Fou _| 4 R1 2 R2
-D Fhase=ﬂ T2 . 3000K|| T 2P - 3000K

- -

: ; H |-

4.2.2. TIA

Figure 4.19. Photodiode Testbench.

Figure 4.20 shows the test bench of the TIA.
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Figure 4.20. Test bench of the TIA for the AC simulation.
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Frequency response of the TIA usig a juntion capacitance of 2 pF is shown in
Figure 4.21. The 3-dB frequency of the trans-impedance amplifier circuit is 197.56
MHz and the gain is 51.11 dBS).

L PR P I T 45 ek 205 qagg M0 yanes ¢ 04 jpomes 0 ) toomes
Frequency (Hz)

Figure 4.21. AC simulation result of the TIA obtained using 2 pF photodiode

junction capacitance.

Peak-to-peak 140 pA current of sinusoidal wave at 20 MHz (Figure 4.22 (a)) is
applied to the input of the TTA and the output is examined. Figure 4.22 (b) shows the
sinusoidal outputs of the TTA at 20 MHz. The peak-to-peak voltage values of the two
outputs are equal to 26.40 mV and 26.28 mV respectively.

T T
nnnnnnnnnnnnnnn

Figure 4.22. (a) Sinusoidal input current of the TIA at 20 MHz using 2 pF
photodiode junction capacitance, (b) Sinusoidal output voltages of the TIA at 20
MHz using 2 pF photodiode junction capacitance.
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Figure 4.23 (a) and (b) show the applied peak-to-peak 140 pA square wave input

and the outputs at 20 MHz respectively. As can be seen from Figure 4.23 (b), since

the frequency is within the bandwidth, the output waveform appears as a square wave.
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Figure 4.23. (a) Square wave input of the TIA at 20 MHz using 2 pF photodiode
junction capacitance, (b) Output response of the TIA at 20 MHz using 2 pF

photodiode junction capacitance.
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Figure 4.24 (a) and (b) show the applied peak-to-peak 140 pA square wave input

and the outputs at 400 MHz respectively. As can be seen from Figure 4.24 (b), the

output waveform is distorted because the frequency is out of the bandwidth.
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Figure 4.24. (a) Square wave input of the TIA at 400 MHz using 2 pF photodiode

junction capacitance, (b) Output response of the TIA at 400 MHz using 2 pF

photodiode junction capacitance.
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The input and output density of the CMOS TIA is shown in Figure 4.25. This

figure is obtained by performing noise analysis in Mentor Graphics.
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Figure 4.25. The input and output noise density of the CMOS TIA.

Pre-Layout simulation summary of TIA is given in Table 4.5 below.

Table 4.5. Pre-Layout simulation summary of TIA.

Midband gain 51.12 dBQ2
3-dB frequency 197.56 MHz
Rise time 2.8 ns
Fall time 2.8 ns
Bias current 250 pA
Power consumption 0.9 mW
Noise (input referred) 9.2 nA/vVHz
Layout area 110 pm x 200 pm
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4.2.3. Equalizer

7

Figure 4.26 shows the test bench of the Equalizer created in Mentor Graphics. It

consists of supply voltage, current mirror inputs, TIA bias voltages, photodiode, TTA

and load.
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Figure 4.26. Test bench of the Equalizer for the AC simulation

Frequency response of the equalizer is shown in Figure 4.27. The zero frequency

is equal to 500.26 kHz. The first and second pole frequencies are equal to 52.59 MHz

and 904.56 MHz respectively.
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Figure 4.27. AC simulation result of the Equalizer.
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Sinusoidal waves of 28 mV at 200 MHz (Figure 4.28 (a)) are applied to the inputs

of the Equalizer and the outputs are examined. Figure 4.28 (b) shows the sinusoidal

outputs of the Equalizer at 200 MHz. The peak-to-peak voltage values of the two

outputs are equal to 3.42 mV and 3.43 mV respectively.
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Figure 4.28. (a) Sinusoidal input voltages of the Equalizer at 200 MHz, (b) Sinusoidal

output voltages of the Equalizer at 200 MHz.
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Figure 4.29 (a) and (b) show the applied peak-to-peak 28 mV square wave inputs

and the relevant outputs of the equalizer at 320 MHz. As can be seen from Figure 4.29

(b), since the frequency is within the bandwidth, the output waveform appears as a

square wave.
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Figure 4.29. (a) Square wave inputs of the Equalizer at 320 MHz, (b) Square wave

outputs of the Equalizer at 320 MHz.
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Figure 4.30 (a) and (b) show the applied peak-to-peak 28 mV square inputs and
the relevant outputs of the equalizer at 1 GHz respectively. As can be seen from

Figure 4.30 (b), the output waveform is distorted because the frequency is out of the
bandwidth.
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Figure 4.30. (a) Square wave inputs of the Equalizer at 1 GHz, (b) Square wave
outputs of the Equalizer at 1 GHz.
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Pre-Layout simulation summary of Equalizer is shown in Table 4.6 below.

Table 4.6. Pre-Layout simulation summary of Equalizer.

Peaking gain 40.47 dB
Zero frequency 500.26 kHz
First pole frequency 52.59 MHz
Second pole frequency 904.57 MHz
Rise time 0.6 ns
Fall time 0.6 ns
Bias current 70 pA
Power consumption 0.17 mW
Layout area 360 pm x 200 pm

4.2.4. Integrated CMOS Receiver System

Figure 4.31 shows the test bench of Integrated CMOS Receiver System created in

Mentor Graphics. This test bench consists of photodiode, current mirror inputs, TTA

bias voltages, supply voltage, current mirror, TIA, equalizer and load.
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Figure 4.31. Schematic of receiver circuit.
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Frequency response of the Integrated CMOS Receiver System, obtained using 2
pF photodiode junction capacitance, is shown in Figure 4.32. The zero frequency is

equal to 500.29 kHz. The first and second pole frequencies are equal to 39.41 MHz and
278.18 MHz respectively.
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Figure 4.32. AC simulation result of the CMOS Receiver System using 2 pF

photodiode capacitance.

Peak-to-peak 140 pA current of sinusoidal wave at 150 MHz (Figure 4.33 (a))
is applied to the input of the CMOS Receiver System and the outputs are examined.
Figure 4.33 (b) shows the sinusoidal outputs of the Integrated CMOS Receiver System

at 150 MHz. The peak-to-peak voltage values of the two outputs are equal to 2.56 mV
and 2.56 mV respectively.
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(a) (b)
Figure 4.33. (a) Sinusoidal input current of the Integrated CMOS Receiver System at
150 MHz using 2 pF photodiode junction capacitance, (b) Sinusoidal output voltages

of the Integrated CMOS Receiver System at 150 MHz using 2 pF photodiode

junction capacitance.
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Figure 4.34 (a) and (b) show the applied peak-to-peak 140 pA square wave input
and the outputs at 150 MHz respectively. As can be seen from Figure 4.34 (b), since

the frequency is within the bandwidth, the output waveform appears as a square wave.
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Figure 4.34. (a) Square wave input of the Integrated CMOS Receiver System at 150
MHz using 2 pF photodiode junction capacitance, (b) Square wave outputs of the
Integrated CMOS Receiver System at 150 MHz using 2 pF photodiode junction

capacitance.
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Figure 4.35 (a) and (b) show the applied peak-to-peak 140 pA square wave input
and the outputs at 500 MHz respectively. As can be seen from Figure 4.35 (b), the

output waveform is distorted because the frequency is out of the bandwidth.
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Figure 4.35. (a) Square wave input of the Integrated CMOS Receiver System at 500
MHz using 2 pF photodiode capacitance, (b) Square wave outputs of the Integrated
CMOS Receiver System at 500 MHz using 2 pF photodiode junction capacitance.
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Pre-Layout simulation summary of Integrated CMOS Receiver System is shown

in Table 4.7 below.

Table 4.7. Pre-Layout simulation summary of Integrated CMOS Receiver System.

Peaking gain 39.57 dBQ2
Zero frequency 500.29 kHz
First pole frequency 39.41 MHz

Second pole frequency 278.18 MHz

Rise time 1.1 ns
Fall time 1.1 ns
Bias current 320 pA
Power consumption 1.07 mW
Layout area 470 pm x 200 pm

4.3. IC Post-Layout Simulation Results

4.3.1. Integrated CMOS Receiver System

Frequency response of the Integrated CMOS Receiver System, obtained using 2
pF photodiode capacitance, is shown in Figure 4.36. The zero frequency is equal to
500 kHz. The first and second pole frequencies are equal to 38.97 MHz and 128.83
MHz respectively.

Figure 4.36. AC simulation result of the CMOS Receiver System using 2 pF

photodiode junction capacitance.
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Peak-to-peak 140 pA current of sinusoid wave at 50 MHz (Figure 4.37 (a)) is
applied to the input of the Integrated CMOS Receiver System and the outputs are ex-
amined. Figure 4.37 (b) shows the sinusoidal outputs of the Integrated CMOS Receiver
System at 50 MHz. The peak-to-peak voltage values of the two outputs are equal to
9.12 mV and 9.02 mV respectively.
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Figure 4.37. (a) Sinusoidal input current of the Integrated CMOS Receiver System at
50 MHz using 2 pF photodiode junction capacitance, (b) Sinusoidal output voltages
of the Integrated CMOS Receiver System at 50 MHz using 2 pF photodiode junction

capacitance.
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Figure 4.38 (a) and (b) show the applied peak-to-peak 140 pA square wave input
and the outputs at 50 MHz respectively. As can be seen from Figure 4.38 (b), since

the frequency is within the bandwidth, the output waveform appears as a square wave.
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Figure 4.38. (a) Square wave input of the Integrated CMOS Receiver System at 50
MHz using 2 pF photodiode junction capacitance, (b) Square wave outputs of the
Integrated CMOS Receiver System at 50 MHz using 2 pF photodiode junction

capacitance.
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Figure 4.39 (a) and (b) show the applied peak-to-peak 140 pA square wave input
and the outputs at 200 MHz respectively. As can be seen from Figure 4.39 (b), the

output waveform is distorted because the frequency is out of the bandwidth.
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Figure 4.39. (a) Square wave input of the Integrated CMOS Receiver System at 200
MHz using 2 pF photodiode junction capacitance, (b) Square wave outputs of the

Integrated CMOS Receiver System at 200 MHz using 2 pF photodiode junction

capacitance.

Post-simulation summary of CMOS Receiver System is shown in Table 4.8 on the

next page.



Table 4.8. All simulation result of CMOS IC.
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Pre-Layout Post-Layout
Midband gain 51.12 dBQ2 -
3-dB frequency 197.56 MHz -
Rise time 2.8 ns -
Fall time 2.8 ns -
TTA

Bias current 250 pA -
Power consumption 0.9 mW -
Layout area 110 pm x 200 pm -
Noise (Input referred) 9.2 nA/VHz -
Peaking gain 40.47 dB -
Zero frequency 500.26 kHz -
First pole frequency 52.59 MHz -
Second pole frequency 904.57 MHz -

Equalizer Rise time 0.6 ns -
Fall time 0.6 ns -
Bias current 70 pA -
Power consumption 0.17 mW -
Layout area 360 pm x 200 pum -
Peaking gain 39.57 dBQ2 26 dBQ
Zero frequency 500.29 kHz 500.01 kHz
First pole frequency 39.41 MHz 38.97 MHz
Second pole frequency 278.18 MHz 128.83 MHz

Integrated CMOS
Rise time 1.1 ns 1.5 ns
Receiver System

Fall time 1.1 ns 1.5 ns
Bias current 250 pA 250 pA
Power consumption 1.07 mW 1.07 mW

Layout area

470 pm x 200 pm

470 pm x 200 pm
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5. CONCLUSION AND FUTURE WORK

In this study, firstly, a Trans-impedance Amplifier and Discrete Receiver System
circuits were designed using discrete elements. Then they were simulated, produced
and measured. A passive equalizer circuit was used in order to increase the limited
bandwidth of the LED. It was shown that the limited 3-dB bandwidth of the LED
could be increased from 500 kHz to 50.12 MHz by using the passive equalizer circuit.

Secondly, Pre-Layout and Post-Layout simulations for the Integrated CMOS Re-
ceiver System were performed. An active CTLE circuit was used in order to increase
the limited bandwidth of the LED. It was shown that the limited 3-dB bandwidth of
the LED could be increased from 500 kHz to 128.83 MHz by using the active equalizer

circuit.

Visible Light Communication has many application areas which are security,
augmented reality, localized advertising, underwater communication, intelligent trans-

portation systems and connectivity, sensitive data.

For the above application areas, it is necessary to transmit and receive the data
of image, video, audio and message. These data must be transmitted at high speed for

high quality.

In this thesis, analog equalization circuits are especially focused on. They were
used at the receiver side. As shown in Figure 2.15, the equalization can be done
digitally. Furthermore, equalization can be made at both the transmitter and receiver

sides.

In order to perform equalization at both transmitter and receiver sides and to
transmit and receive image, video, audio and message, the ready-made blocks in SDRs
(Software-defined radio) called radio communication systems can be used. These

SDRs can be used in a pre-installed setup with signal processing algorithms within



91

the transceiver units. Once this system is seen to be operational, the necessary circuits
can be designed as PCB and Integrated Circuit. Then, this system can be converted
into a product for a specific application area. In addition, Intel SOC FPGA’s can be
used in order to implement the digital filter such as FIR which can be utilized as an

equalization technique both at the transmitter and receiver side.



92

REFERENCES

. Ghimire, P., Fqualizer for an Integrated Optical Receiver in 65nm CMOS, 2013,

https://www.eit.lth.se/sprapport.php?uid=738, accessed in September 2019.

. Zargaran-Yazd, A., Design Techniques for High-Speed Low-Power Wireline Re-
cewers, Ph.D. Thesis, 2013.

. OSI optoelectronics, Photodiode Characteristics and Applica-
tions, http://www.osioptoelectronics.com/application-notes/

an-photodiode-parameters-characteristics.pdf, accessed in July 2019.

. Wang, W.-C., Optical Detectors, https://depts.washington.edu/mictech/

optics/meb557/detector.pdf, accessed in October 2019.

. Zimmermann, M. A. H., Optoelectronic Circuits in Nanometer CMOS Technology,

Springer Series in Advanced Microelectronics, Volume 54, 2016.

. Razavi, B., Design of integrated circuits for optical communications, John Wiley

& Sons, 2012.

. Palermo, S., “ECENG689: Special Topics in High-Speed Links Circuits and Systems
Spring 2012, Texas AEM University, (search was conducted on Jul. 28, 2015),(19
pages), 2011.

. Gondi, S. and B. Razavi, “Equalization and clock and data recovery techniques
for 10-Gb/s CMOS serial-link receivers”, IEEE Journal of Solid-State Clircuits,
Vol. 42, No. 9, pp. 1999-2011, 2007.

. Aktan, O., B. Sarioglu, U. Cindemir, S. O. Unlii, G. Diindar, S. Mutlu and A. D.
Yalcinkaya, “Optoelectronic CMOS power supply unit for electrically isolated mi-

croscale applications”, IEEE Journal of Selected Topics in Quantum FElectronics,



10.

11.

12.

13.

14.

15.

16.

17.

93

Vol. 17, No. 3, pp. 747-756, 2011.

Carusone, A. C., H. Yasotharan and T. Kao, “CMOS technology scaling consid-
erations for multi-gbps optical receivers with integrated photodetectors”, IEEFE

Journal of Solid-State Circuits, Vol. 46, No. 8, pp. 1832-1842, 2011.

Radovanovic, S.; A.-J. Annema and B. Nauta, High-speed photodiodes in standard
CMOS technology, Vol. 869, Springer Science & Business Media, 2006.

Pathak, P. H., X. Feng, P. Hu and P. Mohapatra, “Visible light communication,
networking, and sensing: A survey, potential and challenges”, IEFEE communica-

tions surveys € tutorials, Vol. 17, No. 4, pp. 2047-2077, 2015.

Komine, T. and M. Nakagawa, “Fundamental analysis for visible-light commu-
nication system using LED lights”, IEEE transactions on Consumer Electronics,

Vol. 50, No. 1, pp. 100-107, 2004.

Tanaka, Y., T. Komine, S. Haruyama and M. Nakagawa, “Indoor visible commu-
nication utilizing plural white LEDs as lighting”, 12th IEEE International Sym-
posium on Personal, Indoor and Mobile Radio Communications. PIMRC 2001.
Proceedings (Cat. No. 01TH8598), Vol. 2, pp. F-F, IEEE, 2001.

Le Minh, H., D. O'Brien, G. Faulkner, L. Zeng, K. Lee, D. Jung and Y. Oh,
“High-speed visible light communications using multiple-resonant equalization”,

IEEE photonics technology letters, Vol. 20, No. 14, pp. 1243-1245, 2008.

Rehman, S. U.; S. Ullah, P. H. J. Chong, S. Yongchareon and D. Komosny, “Vis-
ible Light Communication: A System Perspective—Overview and Challenges”,

Sensors, Vol. 19, No. 5, p. 1153, 2019.

N. Serafimovski, LiFi-light communications for
802.11, https://mentor.ieee.org/802.11/dcn/16/

11-16-1499-00-Owng-1ifi-light-communication-for-802-11.pptx, accessed



18.

19.

20.

21.

22.

23.

24.

25.

94

in July 2019.

IEEE-SA Standards Board, Draft D1 IEEE Std 802.15.7r1™-20zx IEEE Standard
for Local and metropolitan area networks—Part 15.7: Short-Range Optical Wireless

Communications.

pureLiFi,  LiFi-light communications for 802.11, http://purelifi.com/

lifi-products/lifi-x/, accessed in september 2019.

Qian, H., S. Zhao, S. Cai and T. Zhou, “Digitally controlled micro-LED array
for linear visible light communication systems”, IEEE Photonics Journal, Vol. 7,

No. 3, pp. 1-8, 2015.

Fahs, B., J. Chellis, M. J. Senneca, A. Chowdhury, S. Ray, A. Mirvakili, B. Maz-
zara, Y. Zhang, J. Ghasemi, Y. Miao et al., “A 6-m OOK VLC link using CMOS-
compatible pn photodiode and red LED”, IEEE Photonics Technology Letters,
Vol. 28, No. 24, pp. 2846-2849, 2016.

Yu, C., L. Mao, X. Xiao and S. Zhang, “A fully differential transimpedance am-
plifier with integrated differential photodetector in standard CMOS process for
optical communications and interconnects”, Science China Information Sciences,

Vol. 54, No. 6, pp. 13001311, 2011.

Chen, W.-Z., Y .-L. Cheng and D.-S. Lin, “A 1.8-V 10-Gb/s fully integrated CMOS
optical receiver analog front-end”, IFEE journal of solid-state circuits, Vol. 40,

No. 6, pp. 1388-1396, 2005.

Atef, M., R. Swoboda and H. Zimmermann, “1 Gbit/s transmission over step-index
plastic optical fiber using an optical receiver with an integrated equalizer”, Optics

Communications, Vol. 284, No. 21, pp. 5153-5156, 2011.

Yasotharan, H., Fqualization of Integrated Optical Photodiodes using an Infinite
Impulse Response Decision Feedback Equalizer, Ph.D. Thesis, 2011.



26.

27.

28.

29.

30.

31.

32.

33.

34.

95

Taghavi, M. H., A CMOS Optical Receiver for the Square Kilometer Array Radio
Telescope, Ph.D. Thesis, University of Calgary, 2015.

Tanabe, A., M. Soda, Y. Nakahara, T. Tamura, K. Yoshida and A. Furukawa,
“A single-chip 2.4-Gb/s CMOS optical receiver IC with low substrate cross-talk
preamplifier”, IEEFE Journal of Solid-State Circuits, Vol. 33, No. 12, pp. 2148-2153,
1998.

Li, J., Z. Huang, R. Zhang, F. Zeng, M. Jiang and Y. Ji, “Superposed pulse
amplitude modulation for visible light communication”, Optics express, Vol. 21,

No. 25, pp. 31006-31011, 2013.

Li, B., J. Wang, R. Zhang, H. Shen, C. Zhao and L. Hanzo, “Multiuser MISO
transceiver design for indoor downlink visible light communication under per-LED

optical power constraints”, IEEE Photonics Journal, Vol. 7, No. 4, pp. 1-15, 2015.

Wang, Y., C. Yang, Y. Wang and N. Chi, “Gigabit polarization division multiplex-
ing in visible light communication”, Optics letters, Vol. 39, No. 7, pp. 18231826,
2014.

Popoola, W. O. and H. Haas, “Demonstration of the merit and limitation of gen-
eralised space shift keying for indoor visible light communications”, Journal of

Lightwave Technology, Vol. 32, No. 10, pp. 1960-1965, 2014.

Liu, X., A. Yang, Y. Li and L. Feng, “Separate dimming controlling and data
transmission for an indoor visible light communication system”, China Communi-

cations, Vol. 12, No. 3, pp. 71-76, 2015.

Suh, Y., C.-H. Ahn and J. K. Kwon, “Dual-codeword allocation scheme for
dimmable visible light communications”, [EEE Photonics Technology Letters,

Vol. 25, No. 13, pp. 1274-1277, 2013.

Qian, H., S. Yao, S. Cai and T. Zhou, “Adaptive postdistortion for nonlinear LEDs



35.

36.

37.

38.

39.

40.

41.

42.

96

in visible light communications”, IEEFE Photonics Journal, Vol. 6, No. 4, pp. 1-8,
2014.

Mossaad, M. S., S. Hranilovic and L. Lampe, “Visible light communications us-
ing OFDM and multiple LEDs”, IEEFE transactions on communications, Vol. 63,
No. 11, pp. 4304-4313, 2015.

Jiang, R., Z. Wang, Q. Wang and L. Dai, “Multi-user sum-rate optimization for
visible light communications with lighting constraints”, Journal of Lightwave Tech-

nology, Vol. 34, No. 16, pp. 3943-3952, 2016.

Le Minh, H., D. O’Brien, G. Faulkner, L. Zeng, K. Lee, D. Jung, Y. Oh and E. T.
Won, “100-Mb/s NRZ visible light communications using a postequalized white
LED”, IEEE Photonics Technology Letters, Vol. 21, No. 15, pp. 1063-1065, 2009.

Li, H., X. Chen, B. Huang, D. Tang and H. Chen, “High bandwidth visible light
communications based on a post-equalization circuit”, IEFE photonics technology

letters, Vol. 26, No. 2, pp. 119-122, 2013.

Khalid, A., G. Cossu, R. Corsini, P. Choudhury and E. Ciaramella, “1-Gb/s trans-
mission over a phosphorescent white LED by using rate-adaptive discrete multitone

modulation”, IEEE Photonics Journal, Vol. 4, No. 5, pp. 1465-1473, 2012.

Gimeno, C., C. Aldea and S. Celma, “A CMOS equalizer for short-reach optical
communications”, 2011 7th Conference on Ph. D. Research in Microelectronics and

Electronics, pp. 65—68, IEEE, 2011.

Bandyopadhyay, S., P. Mandal, S. E. Ralph and K. Pedrotti, “Integrated TIA-
equalizer for high speed optical link”, 21st International Conference on VLSI De-
sign (VLSID 2008), pp. 208-213, IEEE, 2008.

Radovanovic, S., A.-J. Annema and B. Nauta, “3Gb/s monolithically integrated
photodiode and pre-amplifier in standard 0.18 /spl mu/m CMOS”, 2004 IEEE In-



43.

44.

45.

46.

47.

48.

49.

20.

51.

97

ternational Solid-State Circuits Conference (IEEE Cat. No. 04CH37519), pp. 472
540, IEEE, 2004.

Choi, J.-S., M.-S. Hwang and D.-K. Jeong, “A 0.18-/spl mu/m CMOS 3.5-gh/s
continuous-time adaptive cable equalizer using enhanced low-frequency gain control

method”, IEFE Journal of Solid-State Circuits, Vol. 39, No. 3, pp. 419-425, 2004.

Villanueva, G. T., “30 GHz Adaptive Receiver Equalization Design Using 28 nm
CMOS Technology”, , 2015.

Yang, Q., Design of front-end amplifier for optical receiver in 0.5 micrometer

CMOS technology, Ph.D. Thesis, University of Hawaii at Manoa, 2005.

Bespalko, R. D., B. Frank and J. Cartledge, “ITransimpedance amplifier design
using 0.18 um CMOS technology”, , 2007.

Chen, R. Y. and Z.-Y. Yang, “CMOS transimpedance amplifier for visible light
communications”, IEEE Transactions on very large scale integration (VLSI) sys-

tems, Vol. 23, No. 11, pp. 2738-2742, 2014.

Wang, Q., Z. Wang and L. Dai, “Multiuser MIMO-OFDM for visible light com-
munications”, IEEFE Photonics Journal, Vol. 7, No. 6, pp. 1-11, 2015.

Vucié, J., C. Kottke, S. Nerreter, K.-D. Langer and J. W. Walewski, “513 Mbit /s
visible light communications link based on DMT-modulation of a white LED”,

Journal of lightwave technology, Vol. 28, No. 24, pp. 3512-3518, 2010.

Cossu, G., A. Khalid, P. Choudhury, R. Corsini and E. Ciaramella, “3.4 Gbit/s
visible optical wireless transmission based on RGB LED”, Optics express, Vol. 20,

No. 26, pp. B501-B506, 2012.

Chun, H., P. Manousiadis, S. Rajbhandari, D. A. Vithanage, G. Faulkner,
D. Tsonev, J. J. D. McKendry, S. Videv, E. Xie, E. Gu et al., “Visible Light



52.

23.

o4.

25.

26.

7.

8.

98

Communication Using a Blue GaN microLED and Fluorescent Polymer Color Con-

verter”, IEEE Photonics Technology Letters, Vol. 26, No. 20, pp. 20352038, 2014.

Zhang, S., S. Watson, J. J. McKendry, D. Massoubre, A. Cogman, E. Gu, R. K.
Henderson, A. E. Kelly and M. D. Dawson, “1.5 Gbit/s multi-channel visible light
communications using CMOS-controlled GaN-based LEDs”, Journal of Lightwave
Technology, Vol. 31, No. 8, pp. 1211-1216, 2013.

McKendry, J. J., D. Massoubre, S. Zhang, B. R. Rae, R. P. Green, E. Gu, R. K.
Henderson, A. Kelly and M. D. Dawson, “Visible-light communications using a
CMOS-controlled micro-light-emitting-diode array”, Journal of lightwave technol-
ogy, Vol. 30, No. 1, pp. 61-67, 2011.

Gokdel, Y. D.; A. O. Sevim, S. Mutlu and A. D. Yalcinkaya, “Polymer-MEMS-
based optoelectronic display”, IEEE Transactions on Electron Deuvices, Vol. 57,
No. 1, pp. 145-152, 2009.

Haigh, P. A., Z. Ghassemlooy, S. Rajbhandari and I. Papakonstantinou, “Visible
light communications using organic light emitting diodes”, IEEE Communications

Magazine, Vol. 51, No. 8, pp. 148154, 2013.

Haigh, P. A.) Z. Ghassemlooy, H. Le Minh, S. Rajbhandari, F. Arca, S. F. Tedde,
O. Hayden and I. Papakonstantinou, “Exploiting equalization techniques for im-
proving data rates in organic optoelectronic devices for visible light communica-

tions”, Journal of lightwave technology, Vol. 30, No. 19, pp. 3081-3088, 2012.

Thai, P. Q., “Real-time 138-kb /s transmission using OLED with 7-kHz modulation
bandwidth”, IEEFE Photonics Technology Letters, Vol. 27, No. 24, pp. 2571-2574,
2015.

OSI optoelectronics, Photodiode Characteristics and Applica-
tions, http://www.osioptoelectronics.com/application-notes/

AN-Photodiode-Parameters-and-Characteristics.pdf, accessed in July



29.

60.

61.

62.

99

2019.

OSI optoelectronics, Application Notes, http://www.osioptoelectronics.com/
application-notes/AN-Optical’%20Communication%20Photodiodes’%20and’%

20Receivers.pdf, accessed in August 2019.

TAHA, J. A., BANDWIDTH ENHANCEMENT TECHNIQUES FOR CMOS
TRANSIMPEDANCE AMPLIFIER, Ph.D. Thesis, 2016.

Caldwell, J., 1 MHz, Single-Supply, Photodiode Amplifier Reference Design, 2014,
http://www.ti.com/1lit/ug/tidub35/tidub35.pdf, accessed in May 2019.

Razavi, B., Design of Integrated Circuits for Optical Communications, John Wiley
Sons, Inc., 2012.





