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Abstract

Analysis and Design of Wideband CMOS Transimpedance Amplifiers
Using Inductive Feedback

Omidreza Ghasemi, Ph.D.

Concordia University, 2012

Optical receivers have an important role in high data rate wireline data communication systems.
Nowadays, these receivers have data rates of multi Gb/s. To achieve such high data rate in the
design of optical receivers, all the amplifiers in the signal path need to be wideband and at the
same time have minimum gain variations in the passband. As a rule of thumb, the bandwidth of

amplifiers in the optical receivers should be 70% of the data rate.

The first component of the optical receiver is photodiode which converts photons received from
optical fiber to current signals. The small current received from the photodiode is amplified
using the transimpedance amplifier (TIA) which is one of the main building blocks in the
receiver frontend. Due to high data rate of fiber optic communication systems the bandwidth of

TIAs should be high and it should satisfy gain requirements.

It has been shown that inductive feedback technique is capable of extending the bandwidth of
CMOS TIAs amplifiers effectively. However, no mathematical analysis is available in the
literature explaining this phenomenon. The main focus of this thesis is to explain mathematically

the mechanism of bandwidth extension of CMOS TIAs with inductive feedback.

il



In this thesis, it is shown mathematically that the bandwidth extension of inverter based CMOS
TIAs with inductive feedback is due to either zero-pole cancellation or change in the
characteristics of complex conjugate poles. It is shown that for large photodiode capacitance for
example 150fF the phenomenon for the bandwidth extension is zero pole cancellation. In the
case of small photodiode capacitance for example 50fF, the bandwidth extension happens due to

change in the characteristics of complex conjugate poles.

Finally, the zero pole cancellation using inductive feedback method for common source based
transimpednace amplifier with resistive load using different values of photodiode capacitances
has been analyzed. In addition to that a new 3-stage common source based transimpedance
amplifier using inductive feedback technique is designed. The process of bandwidth extension is
shown analytically and is confirmed with simulation results using well-known tools and
technologies. To show the system level motivation, an eye diagram simulation is performed for
all topologies and it is verified that bandwidth extension does not disturb the performance.

Moreover, the concept is verified based on a frequency scaled down discrete implementation.

In this thesis, for inverter based CMOS TIA using photodiode capacitances of 150fF and 50fF
bandwidths of 16.7GHz and 29.7GHz are achieved. In the case of common source based TIAs,
considering 50fF, 100fF, 150fF photodiode capacitances, -3dB bandwidths of 32.1GHz,
21.8GHz, and 15.8GHz are achieved. A new three-stage TIA is proposed which achieves
bandwidths of 42.8GHz, 35.5GHz, and 28.5GHz for 50fF, 100fF, 150fF photodiode
capacitances. Based on comparative analysis, it is shown that, inductive feedback is the most

effective method to extend the bandwidth of TIAs in terms of number of inductors.
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Chapter 1

Introduction

Nowadays everybody wants to have communication and mostly through internet. By
increasing the demand of communication through internet, the volume of the data transported in
the communication system has increased. The data rate of the global internet system will
increase from tens of Gb/s to terabits per second very soon. This indicates that the bandwidth
requirements will increase by a factor of more than 100. Applications such as virtual reality
require data rates that are 10,000 times higher than currently available ones [1],[2].
Transportation of such data rates requires media with low loss and high bandwidth [3]. Among
the available medium to transfer the data, optical fibers have the best performance. Optical fibers
are very common these days to transport very high rate digital data. Such high speed data rates
can be transported over kilometers of optical fiber and without significant loss. Normally loss is
very low when the signal is transmitted using light rather than electrical signal [4]. These fibers

also have the advantage of being low cost in addition to improvement of performance. In state-



of-the-art technology, fiber optic devices and systems are evidently employed to realize very
high data rates [5]. Fiber optic communication is a solution because high data rates can be

transmitted through this high capacity cable with high performance [6],[7].

1.1 Optical Communication Systems

Optical fibers are communication medium capable of providing high rate transfer of data.
This is the reason why there is a big demand for high-speed optical transceivers which consist of
data transmitters and receivers. These systems have been implemented using solid state devices
and circuits [8].

There are standard data rates for optical communication systems which are shown in
Table 1.1.

Table 1.1-Standard bit rates for optical communication

SONET SDH Bit Rate
OC-1 - 51.84 Mbit/s
0C-3 STM-1 155.52 Mbit/s
OC-12 STM-4 622.08 Mbit/s

0C-48 STM-16 2.4883 Gbit/s
0C-192 STM-64 9.9533 Gbit/s
O0C-768 STM-196 39.8131 Gbit/s

In fiber optic transmission system, the synchronous optical network (SONET) and
synchronous digital hierarchy (SDH) standard define a technology to carry many signals of
different capacities [1],[9]. Basic transmission bit rate OC-1 is at 51.8Mbit/s, and higher bit rates
offered by SONET/SDH are summarized in Table 1.1[5],[10]. The two high data rate

commercial systems SONET OC-192 and OC-768 [11],[12], operate at 10 and 40Gb/s



respectively. The 10Gb/s transceivers have already been introduced by a few companies [13]. In
this respect, an extensive amount of research has been performed to improve the design of these
systems. The 10Gb/s transceivers have been implemented using CMOS (Complementary Metal
Oxide Semiconductor) technology. However, implementation of 40Gb/s CMOS transceivers is
an ongoing research topic. The reason is that these systems have only become realizable in
advanced technologies.

Figures 1.1 and 1.2 show the block diagram of the optical transmitter and receiver
system. The transmission of optical data via fiber optic involves electrical-to-optical conversion
in the transmitter and optical-to-electrical conversion in the receiver.

In Fig. 1.1 which is the optical transmitter, data is serialized synchronous to a clock in Tx
and then goes through the driver and is converted to light using the laser diode and then

delivered to the optical fiber.

Optical fiber

Fig. 1.1 Optical Transmitter Block Diagram

\

Transimpedance Limiting $ Clock and
4@7 Photo diode . X Data Data
Amplifier Amplifier R
ecovery

Fig. 1.2 Optical Receiver Block Diagram




In Fig. 1.2 which is the optical receiver, the data coming from the optical fiber is
converted to electrical signal (current) using the photo diode (PD) and amplified using the
transimpedance amplifier and the limiting amplifier and then recovered in clock and data
recovery part [2],[14]. In this thesis, the focus is on the transimpedance amplifier of the optical
receiver.

The light which is traveling through the fiber optic usually goes under a lot of attenuation
before reaching the photodiode (PD) [15]. Therefore the amount of current received by the
optical receiver is very small. This current is in the range of tens of micro amperes. An optical
receiver for a low-cost and high-speed link must convert this current to a digital signal [6],[16].
The main job of the transimpedance amplifier is to amplify this current signal and produce a
voltage signal. The limiting amplifier amplifies the output voltage of transimpedance amplifier
(TIA) and produces an acceptable voltage level to be delivered to clock and data recovery part
(CDR) [17]. The clock and data recovery part (CDR) performs timing synchronization and

amplitude-level decisions on the input signal, which will lead to digital data stream [7],[18].

1.2 CMOS Transimpedance Amplifiers

The focus of this thesis is on transimpedance amplifier (TIA) as one of the main parts in
the optical receiver. The job of the transimpedance amplifier is to amplify the small current
received from the photodiode and convert it to a voltage signal. The transimpedance amplifier
does the first level of amplification on the small current received from the photodiode in the

optical receiver.



There are important parameters in the design of transimpedance amplifiers such as
bandwidth, gain, noise, power, and supply voltage. Since the data rate in the optical receiver is
high, the transimpedance amplifier (TIA) should have high bandwidth to avoid inter symbol
interference (ISI). The input current to the TIA is very small and therefore the gain should be
high enough to be able to produce an acceptable voltage level for the limiting amplifier. This
voltage is in the level of few mili-volts. Since the input current of TIA is very low, in order to
achieve high signal to noise ratio, the input referred noise of TIA must be low. Therefore,
transimpedance amplifier is a wideband, high gain, and low noise amplifier with low power
consumption and low supply voltage. In conclusion, design of transimpedance amplifiers is a big
challenge for analog circuit designers [8],[19].

In voltage to voltage amplifiers the figure of merit (FoM) is the gain bandwidth product
(GBW). This means that the gain is traded off against the bandwidth. Transimpedance amplifiers
are current to voltage amplifiers. Therefore their figure of merit is defined as transimpedance (Z)
bandwidth product (ZBW) as opposed to GBW. There exist different values achieved for the
gain of the TIA. In the literature, the gain of between 40dB-Ohms and 60dB-Ohms has been
reported for recent TIAs.

Bandwidth is defined as the upper frequency for which the transimpednace gain rolls off
3dB below its midband value. This bandwidth is called the 3dB bandwidth or -3dB bandwidth.
Bandwidth is usually determined by the total capacitance contributed by the photodiode, the
transimpedance amplifier and other parasitic elements present at the optical front-end. Typically
the transimpedance amplifier is required to accommodate wide-band data extending from dc to

high frequencies to avoid inter-symbol interference (ISI) [20]. Bit error rate (BER) which is the



ratio of the number of errors received to the total number of bits in the optical system should be

less than107'*. To achieve such BER, a rule of thumb considers the optimum 3-db bandwidth for
the transimpedance amplifier (TIA) to be about 2/3 of the data rate. Similarly, we can say that
the optimum bandwidth for the transimpedance amplifier is about 70% of the bit rate [21]. For
example for an optical receiver to be employed in a 10Gb/s bit-rate system, we need to have at
least 7GHz bandwidth for the transimpedance amplifier. In order to reach a data rate of 40Gb/s,
the amount of bandwidth is at least 28GHz. In this thesis the focus is on how to achieve high
bandwidth for transimpedance amplifiers in order to maintain signal integrity.

Traditionally, because of the performance requirements for the TIA, the front-end
circuitry has used III-V compound semiconductor technologies. These days it has become
necessary to design the transimpedance amplifier, the limiting amplifier, and clock and data
recovery circuits on the same integrated circuit. High level of integration for these compound
semiconductor technologies is very costly and sometimes impossible. On the other hand CMOS
technology has the advantage of high capacity for integration at a very low cost. In the past
decades, CMOS technology has been used to design high speed analog integrated circuits, with
providing low-cost and high performance solutions [22]. Majority of the analog and mixed-
signal products and systems in today’s semiconductor industry are designed and fabricated in
CMOS technologies. Using the CMOS transistors and process for fabrication of the electronic
interface in the optical system allows for integration of high-speed circuits on single chips. This
integration can reduce the package size, board size, and the cost of the system.

The scaling of recent CMOS technologies at the level of nanometer enables the

fabrication of transistors with higher unity gain frequencies. Nowadays, due to these



characteristics, there is a great interest in implementing optical receivers in CMOS technology

which enables design of high speed transimpedance amplifiers [23].

1.3 Literature survey and motivation

Many researchers are working on design of various parts of optical receivers. They are
working on photodiodes, optical fibers, transimpedance amplifiers, limiting amplifiers, and clock
and data recovery circuits [24]. In this thesis the focus is on the transimpedance amplifiers and
specifically how to improve their bandwidth.

Several bandwidth extension techniques have been introduced in the literature. Although
inductor-less techniques such as capacitive peaking [25],[26], source degeneration [27],[28], and
regulated cascode [29] have been used to extend the bandwidth of transimpedance amplifiers, the
inductor-based wideband transimpedance amplifiers are of great intetrest today. To extend the
bandwidth effectively, the effect of parasitic capacitances must be reduced. The effective way to
mitigate the effect of parasitic capacitances is to use inductors. Inductors are very large in terms
of chip area and consumation of large area on the chip means big cost. Therefore in inductor
based designs, we always look for less number of indcutors.

Shunt peaking which is to add an inductor to the load of the amplifier has traditionally
been used to extend the bandwidth of amplifiers. It has been used to extend the bandwidth of
transimpedance amplifiers as well [30],[31],[32],[33]. Although this technique employs one
inductor, it cannot extend the bandwidth of transimpedance amplifiers by a large factor. The
inductor based technique of Pi type Inductive Peaking (PIP) has also been used to extend the
bandwidth of TIAs [34]. This method is using a combination of three inductors in each stage to

extend the bandwidth. However, this technique uses a large number of inductors which is not



favorable in the design of analog integrated circuits. PIP technique can extend the bandwidth of
the transimpedance amplifiers by a large factor. Another technique in the literature is inductive
series peaking [35]. This technique also uses large number of indutors. Another technique is
putting inductor between the stages [36],[37],[38]. This technique uses 4 inductors to extend the
bandwidth of the transimpedance amplifier. This technique is capable of absorbing big amount of
photodiode capacitance and extend the bandwidth by a large factor.

Another technique is inductive feedback [39] which is used to extend the bandwidth of
CMOS transimpedance amplifiers. This technique has been applied to extend the bandwidth of
transimpedance amplifiers intuitively in different topologies. This technique is capable of
extending the bandwidth of transimpedance amplifiers by a large factor and uses only one
inductor. However, in the lierature, the mechanism of bandwidth extension has not been
explained analytically for transimpedance amplifers. Motivation of this thesis is to fill this empty
gap by mathematical analysis. Also since the thechnique has shown a great potential to extend
the bandwidth of CMOS transimpedance amplifiers, a motivation exists to discover possible new

transimpedance amplfiers using this technique.

1.4 Objectives and Contributions

The main objective of this thesis is to explain mathematically the process of bandwidth
extension using inductive feedback technique for CMOS transimpedance amplifiers in different
topologies. In addition, this thesis explores the possibilities for providing new circuits based on
this technique in CMOS technology. Based on this objective detail contributions of this thesis are

as follows:



Inverter based CMOS transimpedance amplifier based on inductive feedback has
been studied to explore the mechanism of bandwidth extension in this circuit. As a
result it is shown that the mechanism is different based on different amounts of input
capacitance.

It is shown that for large photodiode capacitance for example 150fF for inverter based
TIA with inductive feedback, the process of bandwidth extension is zero pole
cancellation. This has been proved analytically and by extensive simulation.

It is shown that for small photodiode capacitance of S0fF for inverter based TIA,
inductive feedback is capable of bandwidth extension by compensation of
characteristics of complex conjugate poles. This has been shown analytically and
verified by extensive simulation.

Common source based CMOS transimpedance amplifier with resistive load using
inductive feedback has been studied. The process of zero pole cancellation for
different amounts of photodiode capacitances has been explored in detail. This has
been completed by extensive analytical discussion and detailed simulations. Also the
concept is verified based on a frequency scaled down discrete implementation.

In continuation of the research a new 3 stage CMOS transimpedance amplifer using
inductive feedback has been designed and simulated in a well-known CMOS
technology. The effectiveness of the new circuit in extending the bandwidth of the

TIA has been proved analytically and by extensive simulation results.



e In order to show the system performance of the circuitries, for each structure an eye
diagram has been produced. The open eyes prove the effectiveness of the circuitries

to pass the high rate data bits and to maintain signal integrity.

1.5 Organization of the thesis

In chapter 1, optical receivers and TIAs as one of the main parts of the optical receivers
are discussed. Then the literature survey on different methods for achieving high bandwidth
transimpedance amplifiers is given. As a result objective and contributions of the thesis are
detailed.

In chapter 2, existing techniques in the literature to extend the bandwidth of the TIAs are
detailed. Some insight about the background of these techniques is given. In this chapter the
focus is on techniques using spiral inductors to extend the bandwidth of transimpedance
amplifiers.

In chapter 3, the discussion of inductive feedback technique using zero pole cancellation
to extend the bandwidth of inverter based CMOS TIAs has been done. The small signal analysis
for the circuit is given. The technique is discussed analytically. The process of zero pole
cancellation based on large photodiode capacitance is shown by extensive simulation results.
Eventually, comparison with previous works is shown in this chapter.

In chapter 4, the discussion of inductive feedback technique to extend the bandwidth of
inverter based transimpedance amplifiers for the case of small photodiode capacitance (50fF) is
done. It is shown that for small photodiode, the change in the characteristics of complex

conjugate poles is the reason for process of bandwidth extension. Simulation results using well-

10



known tools and technologies together with some comparison with other previous works are
shown in this chapter.

In Chapter 5, bandwidth extension using inductive feedback technique is applied for the
common source-based transimpedance amplifiers. Detailed analysis for zero pole cancellation
for different values of photodiode capacitance is shown. Then a new three stage transimpedance
amplifier is designed and the bandwidth extension process is shown using extensive simulation
results with well-known tools.

In Chapter 6, conclusions and directions for future work are discussed.

11



Chapter 2

Background

The purpose of this chapter is to review previous works which have been done for
bandwidth extension of transimpedance amplifiers. The chapter starts with discussion of the
issues of bandwidth extension for TIAs. Existing inductor based techniques to extend the

bandwidth of transimpedance amplifiers are discussed in this chapter.
2.1 BW extension in TTA design

The general structure for the feedback TIA is shown in the Fig. 2.1 in which we can see
that a voltage amplifier with a resistive feedback can be converted to a Transimpedance amplifier
[36]. As we can see the light is converted to current using the Photodiode (PD) and then this
current is amplified using the TIA. The output voltage signal of TIA 1is delivered to the main

amplifier (Limiting Amplifier).
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Fig 2.1 PD, TIA and LA

There are several obstacles to extend the Bandwidth of a TIA:

¢ Photodiode Capacitance (CPD)
e Inherent parasitic capacitance of the CMOS Transistors

e Loading Capacitance (input capacitance of the main amplifier)

On the topic of bandwidth extension, the methods normally seen in the literature are
dealing with these issues and try to defeat them in some respects and hence extend the bandwidth
of the TIA. There are several bandwidth extension techniques for the TIAs in the literature.

For the matter of this discussion we need to define the word bandwidth. The bandwidth is

defined as the lowest frequency at which the TIA gain drops by V2 or 3dB. Accordingly, this
bandwidth is often called the 3-dB bandwidth [37].
Some of the techniques which have been done previously in the literature are summarized

in the following sections.
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2.2 Shunt peaking

Shunt peaking is the traditional way to enhance the bandwidth in wideband amplifiers. It
uses a resonant peaking at the output of the circuit. It improves the BW by adding an inductor to
the output load. It introduces a resonant peaking at the output as the amplitude starts to roll off at
high frequencies. Basically what it does is that, it increases the effective load impedance as the
capacitive reactance drops at high frequencies [37]. The model for a common source amplifier
with shunt peaking is shown in Fig. 2.2 [30], [33]. As we can see an inductor is added in series
with the resistive load and establishes a resonance circuit and reduces the effect of the output
capacitance which in this figure consists of all the parasitic capacitances of the drain of the

transistor and the loading capacitance of the next stage.

vdd

Ld

NI
L=y

Fig. 2.2 shunt peaking

Hasan [31] has used shunt peaking (inductive peaking) technique and the structure of his
TIA is shown in Fig 2.3. As we know shunt peaking does not increase the bandwidth in

comparison with other techniques.
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Fig 2.3 shunt peaking technique used to extend the BW by Hasan [31]

The first stage of this TIA is common gate (CG) and the second stage is a differential
amplifier for which the shunt peaking is applied. The third stage is common source (CS) and the
fourth one is common drain (CD). Hassan has implemented the circuit in 0.5um CMOS
technology and he has achieved approximately 3.5 GHz -3dB BW and 60dB ohms
transresistance. The amount of photodiode capacitance in this work is 250fF.

Another shunt peaking example is shown in Fig. 2.4. Kromer [32] has used inductive
peaking technique in all the 3 stages of the TIA. The main stage is common gate (CG) and it uses
2 boosting stages in the path of the signal. Based on this circuit Kromer achieves a
transresistance gain of 52dB ohms and -3dB BW of 13GHz. He has implemented this circuit
using 80nm CMOS technology. In this implementation a PD capacitance of 220fF has been

considered.
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Fig 2.4 shunt peaking technique by Kromer [32]

The advantage is that the circuit dissipates low power. However, the circuit uses 3 inductors

which inherently occupy large area.

2.3 Series peaking

Wu [35] has presented series peaking technique as shown in Fig.2.5. This technique
mitigates the deteriorated parasitic capacitances in CMOS technology. Because the inductor is
inserted in series with all the stages in the signal path, it is called series peaking technique. As we
can see in Fig. 2.5 the structure of the circuit shows that inductors are used to reduce the effect of
the parasitic capacitances in the different stages of the amplifier. Without inductors, amplifier

bandwidth is mainly determined by RC time constants of every node.

16



—M—
D>

Fig. 2.5 Model of series peaking technique [35]
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This work was done in 0.18um CMOS technology and achieves a gain of 61dB-Ohms

and BW of around 7GHz. The amount of PD capacitance in this work is 250fF.

L ] L ]
vdd e vdd

LT LT
LT — - Vout
lin
R R
R Lz
LZ
= = = =
cz ¥ 1 F CZ
CPD ‘ ‘

Fig 2.6 Circuit for series peaking implemented by Wu [35]

This circuit uses 7 inductors for 3-stage and 9-inductors for 5 stage TIAs. The circuit consumes a
large area on the chip. The advantage of this circuit is the extension of the bandwidth by a large

factor.

2.4 PIP technique

Jin and HSu [34] have proposed this technique to defeat the parasitic capacitances using

the combination of several inductors. The combination of the inductors shapes a IT and hence

17



they call it a Pi-type Inductor Peaking (PIP). Fig. 2.7 shows how the combination of 3 inductors

in a common source amplifier constructs the PIP technique.

ol

Fig. 2.7 PIP technique small signal model [34]

This technique improves the BW of the TIA by resonating with the intrinsic capacitances of the

devices. The actual implemented circuit is shown in Fig. 2.8.

Vdd
Vdd
Vdd

?1 ] g L

Fig 2.8 Circuit implemented by Jin and Hsu [34]
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This circuit is implemented in 0.18 CMOS technology and achieves a high bandwidth of
30GHz and 51dB-Ohms gain. The amount of PD capacitance in this circuit is the lowest found in
the literature and it is SOfF.

This circuit can extend the bandwidth of the transimpednace amplifier by the largest factor found
in the literature which is 3.3. The disadvantage of this work is using 15 inductors to extend the

bandwidth of the transimpednace amplifier. This results in consuming a large area on the chip.

2.5 Matching inductor between the stages

Analui [38] has proposed a technique to isolate between different stages of an amplifier.
In this method a passive network is used to isolate the effect of capacitors. This passive network
absorbs the effect of parasitic capacitor of the transistor. The proposed passive network in Fig.

2.9 is an inductor and it forms a ladder filter with the parasitic capacitances of devices.

L
o— qon
vjﬂ R C T T R.-:,
1 1 - &
gm\"in B

Fig. 2.9 Model of the proposed technique by Analui [38]

The circuit which is implemented by Analui is shown in Fig. 2.10. The parasitic
capacitances of the devices are shown in the circuit. These capacitances form the ladder structure

with the deliberately added inductors.
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Fig. 2.10 Circuit implemented by Analui [38]

Based on this structure, gain of 54dB and 3dB BW of 9.2GHz have been achieved. This
circuit has been implemented in 0.18um BICMOS process using CMOS transistors. The amount
of PD capacitance has been considered 500fF.

This technique uses 4 inductors and mitigates the effect of the largest photodiode
capacitance found in the literature. The bandwidth extension ratio (BWER) for this circuit is 2.4.

The circuit dissipates high power in comparison with other methods.

2.6 Inductive feedback technique

Chalvatzis [39] has used the inductive feedback technique to extend the bandwidth of
CMOS transimpedance amplifiers. Inverter based transimpedance amplifiers and common

source based transimpedance amplifiers using inductive feedback have been introduced and

20



implementation results of these circuits have also been produced. The technique has been shown
to be capable of extending the bandwidth of transimpedance amplifiers effectively. In this

reference the technique has been called as resistor— inductor transimpedance feedback.

3. -

OouTP
OuUTP ouTP

%

= L . -

e
e —
-

Fig. 2.11 Circuit schematics of low-voltage TIAs with inductive feedback [39]

In [39], the circuits shown in Fig. 2.11 have been used as building blocks for 40Gb/s
system. These circuits have been introduced in this reference but the bandwidth extension is
intuitively explained by resonance phenomenon. However, this explanation based on resonance
phenomenon is not satisfactory. Since in the paper, no formulation for calculating the required
inductor value has been given, it seems the value of the inductor has been selected based on trial
and error method. Therefore a more general approach based on small signal analysis and transfer
function characteristics of the circuitries is required. Understanding the exact behavior of the
circuitries can make it possible to further increase the bandwidth compared to reference [39]. In
this thesis the main focus is on explaining mathematically the mechanism of bandwidth
extension for these circuits. The technique is really interesting since by using only one inductor

the bandwidth extension is high. This is the most effective technique to extend the bandwidth of

21



transimpedance amplifiers using less number of inductors. This is the reason that this work is

chosen to motivate the work of this thesis.

2.7 Conclusion

In this chapter we reviewed some of the BW extension techniques available in the
literature in the field of TIA design. In general, inductive techniques are common to extend the
bandwidth in TIAs. The problem with inductors is the consumption of a large area on the chip.
The researchers use inductor based method as an effective method to extend the bandwidth of
TIAs. The belief is that it is worth to consume area on the chip and instead have a more
wideband circuit. However, reduction of the area remains important. In inductive feedback
method, amount of bandwidth extension is high when the circuit employs only one inductor.
Unfortunately this technique has been used in the work intuitively without much explanation of
the mechanism of the extension. Therefore motivation exists to show in this thesis how the
technique is capable of extending the bandwidth effectively by mathematical analysis and

extensive simulations.
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Chapter 3

Bandwidth extension using
zero pole cancellation

In the previous chapters we introduced the optical receivers as important parts of the
wireline data communication systems and then we focused on the transimpedance amplifiers as
one of the main elements of the optical receivers. We also introduced some of the obstacles to
extend the bandwidth of the TIAs. In this chapter the discussion of zero pole cancellation for
bandwidth extension of TIAs using inductive feedback is done. The process of bandwidth
extension using zero pole cancellation for the inverter based TIA is done both analytically and by
simulation results using well-known tools. We also show a comparison between this work and
some other state-of-the-art works in the literature. A simulation of the eye diagram for the TIA is

done to show the capability of the technique to pass the high data rate.
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3.1 Small signal model and zero pole cancellation

In CMOS amplifier circuits, the main problem to extend the bandwidth is the parasitic
capacitance involved with the transistor. In the trans-impedance amplifiers the situation is much
worse because we also need to also defeat the photo diode parasitic capacitance at the input of
the amplifier. In order to extend the bandwidth of the TIA we need to have some sort of
inductive — capacitive resonance to be able to cancel the effect of the parasitic capacitors. This
can be done by the use of inductors which is quite common. In the literature it is acceptable to
lose some area of the chip by using some spiral inductors to achieve wide bandwidth amplifiers.

This study considers the inductive feedback technique [39], [40] for bandwidth extension
of CMOS TIAs which reduces the effect of the inherent parasitic capacitances of the MOS
transistor and the PD. The technique is analyzed and explained mathematically and by simulation
based on small signal model and transfer function.

The shunt-shunt feedback technique [41] has been used for bandwidth extension of
amplifiers and it is the traditional way of extending the bandwidth of an open loop amplifier by
adding a resistive feedback to the amplifier. Shunt—Shunt feedback or Voltage Current feedback
[42] in microelectronics is a structure for which the sample of the output voltage using the
feedback network (the impedance in the feedback path) is taken and returns a current to the input
of the system. Usually in this type of design, the closed loop amplifier has a dominant pole
which constructs the -3db BW of the amplifier. This structure will have a near-constant gain-
bandwidth product (GBW), meaning that gain is traded off against bandwidth. Previous studies

showed that judicial choice of the elements in a TIA could lead to better performances of the
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amplifier [43]. The idea here is to extend the BW of the TIA by deliberately adding a zero to the
transfer function of the TIA and hence cancel the dominant pole of the amplifier thereby
extending the BW. This can be done by adding an inductor to the feedback path of the TIA. The
newly introduced inductor in the feedback path (inductive feedback) adds one zero and one pole
to the transfer function of the TIA and by an appropriate design the newly added zero can cancel
the dominant pole of the amplifier and hence extend the BW [44]. In order to discuss the

technique in detail we consider two TIAs shown in Figures 3.1 and 3.2.

vdd ¢

Vout

CcL

NP
[V—=al

M2

Fig. 3.1 TIA with resistive feedback
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CPD cL
._.
=
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Fig. 3.2 TIA with inductive feedback

25



In this study we refer to the circuit in Fig. 3.1 as the TIA with resistive feedback and the
circuit in Fig. 3.2 as the TIA with inductive feedback. The small signal model [45] for the TIA
with inductive feedback is shown in Fig. 3.3. For the previous case (TIA with resistive feedback)

we can simply have a short circuit instead of the inductor (or set L=0 in the following equations).

ro

ik CT D 2 =

Fig. 3.3 Small signal model of the TIA with inductive feedback

In the small signal model for the TIA we have these definitions:

Gm :gml+gm23ro :(rdsl H rdsZ)

3.1
C; = Cyq TCyp +CPD, Cr=Con +Con
Co =Cap T Cqpp TC;
and the transfer function of this circuit is:
Z(s) = a*s>+b*s+c
* CA*S+B*s’+C*s+D (3.2)
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In which for the case of the Fig. 3.1 (L=0) the coefficients are shown with the index 1 and we

have:

a, =0

b =Re,

¢=1-G,R

4=0

B, =R(cic, +c,c, +ccp) (3.3)

C,=c +c,+R(cg, +c, 8, "‘Cme)

Dl:g0+Gm

For the case of the circuit in Fig 3.2 we have the coefficients as (shown with the index 2):

a, =Lc,
b,=Rc,-LG,
c,=1-G,R (3.4

A4, =L(c,c, +c,c, +ccp)
B, =R(c,c, +c,c, +c,c )+ L(c,g, +c,g,+¢,G,)
C,=c +c,+R(cg, +c¢,8, +C/Gm)

DZ :g0+Gm

Now considering the transfer function of the system in Fig. 3.1, the dominant pole of the

system (-3db BW) can be approximately calculated as D1/C1 which is:

P= go +Gm
Ci + Co +R(Cz’go +Cfgo + Cme)

(3.5)
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The condition for existence of a real dominant pole is to have a relatively large input
capacitance. This translates as with a relatively large photodiode capacitance, the circuit has a
real dominant pole. This is obvious as having a large photodiode capacitance means existence of
a big RC time constant at the input of the circuit.

In this approach, the dominant pole is cancelled by adding a zero. This can be achieved
by adding an inductor in the feedback path of the amplifier giving the circuit in Fig. 3.2. As we
can see adding an inductor to the feedback path adds one pole and one zero to the transfer

function and the amount of newly added zero is approximately:

7 =—
L (3.6)

Now as we can see from the equations that by a judicial choice of the inductance we can
cancel the dominant pole of the circuit in Fig. 1 which determines the -3db BW and hence extend
the BW. An approximate value for the amount of the inductor can be calculated by solving the

equation P=Z so we will have:

L . R(Cz + Co)+R2(Cig0 + Cme)

go + Gm (37)

3.2 Simulation results for an illustrative example

In order to show the feasibility of the method, the circuit in Fig. 3.2 has been simulated
using a well-known sub-micron CMOS technology (i.e. 90nm CMOS STMicroelectronics).
Simulations are done with a single supply (i.e. Vdd =1.2 V) and in the presence of a 150fF
photodiode capacitance and 5fF loading capacitance. This loading capacitance is used to model

an on-chip limiting amplifier that would typically follow a TIA [46].
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3.2.1 Zero-Pole Cancellation Process

The zero pole analysis outlined here was done using the schematic of the circuit (Fig 3.2.)
with ideal inductor values to show the process of zero-pole cancellation in detail. Based on the
zero pole analysis for the circuit in Fig. 3.1 (TIA with resistive feedback), the circuit has two
poles and one zero and the poles are located in the LHP of the s-plane which shows the circuit is
stable [47]. Now we consider the case in Fig. 3.2 in which we have added the inductor to the
feedback in the circuit. Now in this case the circuit will have two zeros and three poles. By
choosing the inductor according to (3.7) we can cancel the dominant pole leaving a pair of
complex conjugate poles in the circuit. The circuit after having cancelled the single dominant
pole will have two complex conjugate poles with a damping factor and natural frequency which
can be designed for the desired frequency response. The actual values of the poles and zeros
extracted from the simulation are shown in Table 3.1. The zero-pole cancellation process has
been shown in Table 3.1 and we can see that by changing the value of the inductor in the circuit
the newly added zero is moving towards the dominant pole of the circuit. In the end it reaches to
that pole and cancels it and hence this zero can extend the -3dB BW. We can also see that the
positions of the complex conjugate poles are changing by sweeping the value of the inductor.

The root-locus of the closed loop system as a function of L is shown in Fig. 3.4.
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Fig 3.4 Root-Locus of the inductive feedback TIA

(Z: zero added by the indcutor, P:dominant pole)

Table 3.1 Pole -Zero analysis for the circuit in Fig. 3.2

L(nH) | Zeros Poles (GHz)
(GHz)
0 192.2 -12.7
=22
) -27.3 -14.6
223.4 -17+17.9j
25 -21.8 -14.9
) 224.2 -13.6%x17]
3 -18.1 -15.2
224.8 ~11.4+167
35 -15.5 -15.5
: 225.2 -9.8+15]7
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3.2.2 Frequency response

To evaluate TIA-Gain vs. Frequency simulations have been done in this part. Spiral
inductor was modeled using typical models and values available in the literature [48], [72].
Other parts of the circuit except the inductor were extracted from the layout and the spiral
inductor model which was used in this simulation is shown in Fig. 3.5. This is a widely used
model in the literature and the typical values for the parasitic elements are the values which are

available in the literature [48].

Rs
Ls

Csi

- Rsi  Resi

Fig. 3.5 Spiral Inductor Model

The values which are used for this model are shown in the Table 3.2. These values are
appropriate for a spiral inductor of approximately 3nH. However these values depend on to the

inductor value [33], [77].
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Table 3.2 Values of the parasitic elements

Element value
Cs 20 fF
R, 8Q
Cox 100 fF
Cs 2 {fF
Ry 1 KQ

The frequency response results based on different values of the inductor is shown in Fig.
3.6 and summarized in Table 3.3. The amount of gain peaking has been shown as well. From
Table 3.3 it can be seen that the -3dB bandwidth of 7.1GHz for L=0 was extended using the
inductive feedback technique to 16.7GHz. This corresponds to a Bandwidth Extension Ratio

(BWER) of approximately 2.4.

Table 3.3-AC simulation result of the TIA

M1 (um) M2(um) R(Ohms) L(nH) G(dB-Ohms) BW(GHz) Peaking(dB)
12/0.1 12/0.1 400.7 On 50.8 7.1 0

12/0.1 12/0.1 400.7 In 50.8 9.4 0

12/0.1 12/0.1 400.7 2n 50.8 16.7 0

12/0.1 12/0.1 400.7 2.5n 50.8 16.6 0.5

12/0.1 12/0.1 400.7 3n 50.8 16.4 1.5

12/0.1 12/0.1 400.7 3.5n 50.8 15.8 3
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Fig. 3.6 Frequency response of the circuit

In Table 3.4 we can see the comparison of this work with other previously published
works using other techniques. The circuit is very low power and compares favorably with other
works. The technique’s closest rival [32] achieved a somewhat lower bandwidth, but with a
somewhat larger PD capacitance, and in a better technology. However, the circuit used only one
inductor of 2nH, whereas the circuit in [32] required three inductors, each of slightly larger
value. Therefore this technique offers low-power dissipation, high bandwidth, using only one

inductor. The power dissipation in this circuit is 2.2mW. Also noise performance in this circuit is

competitive.
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Table 3.4-Performance of the TIA and comparison

Technology (?BA_ (g}}ilrlll) BV&; (g%z) i,in @ANHZ) | Power (mW) I;I;lg:llz:(r)r(;f P]?ﬂ%ap
This work 90nm- CMOS 50.8 16.7 16.9 2.2 1 150
Design[35] | 180nm-CMOS 61 7.2 8.2 70.2 9 250
Design[38] | 180nm-BiCMOS 54 9.2 17 137.5 4 500
Design[34] | 180nm-CMOS 51 30.5 34.3 60.1 15 50
Design[32] 80nm-CMOS 52.8 13.4 28 2.2 3 220
Design[55] | 180nm-CMOS 62.3 9.0 N/A 108.0 2 150

3.3 Eye diagram

The eye diagram for the circuit in this chapter has been simulated and shown as follows.
The main objective of bandwidth extension is to pass high data rate through the system. This
data requires specific performance which may not be achieved if the TIA does not satisfy the
necessary conditions to avoid ISI. Therefore to make sure that the performance is proper, the eye
diagram produced by the circuit must be simulated and examined. If the eye is open, it means
performance is good enough. Therefore we simulated the circuit to achieve the eye diagram as
shown in Fig. 3.7. As we can see in the Fig. 3.7 the eye is quite open and therefore it shows that
the performance of the system is good enough to pass the high data rate. The amount of the data

rate for this simulation has been considered as 20Gb/s.

“tran-tran) 0 1 8e-05 2e-10)

Fig. 3.7 Eye diagram for data rate of 20GHz
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3.4 Conclusion

In this chapter the zero pole cancellation for the inductive feedback technique for inverter
based transimpedance amplifier was shown mathematically and the process was proved by
detailed zero pole analysis. As an illustrative example the amount of photodiode capacitance was
chosen to be 150fF. Evaluation of the results shows that zero pole cancellation is the
phenomenon for bandwidth extension of the TIA. This method may be applied in mass
production of these circuits. However, because of mismatch problem, some extensive effort may
be required. The eye diagram for the circuit was also simulated and shown. The wide open eye
shows the success of the circuit to pass the high data rate without ISI and therefore with high
performance.

In the next chapter another mechanism of bandwidth extension using inductive feedback
for inverter based CMOS transimpedance amplifier is discussed. That is bandwidth extension

using compensation of the characteristics of complex conjugate poles.
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Chapter 4

Bandwidth extension using complex conjugate

pole compensation

In chapter 3 the inductive feedback technique was detailed as an effective technique to
extend the bandwidth of the transimpedance amplifiers and the BW extension process was
explained. In the previous case the dominant pole of the system was cancelled using a newly
added zero by the inductive feedback and hence the bandwidth extension using the process of
zero-pole cancellation happened. The dominant pole of the system in that case is the pole

constructed by the photodiode capacitance (PD) since the value of the capacitance is such that
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the pole concerned with that capacitance is the dominant pole in comparison with the other poles
in the system. Normally the dominant pole of a system can be constructed by large capacitances.
However, when we have a small photodiode capacitance in the system, we realize that in this
case there is no dominant pole constructed by the photodiode capacitance of the system. Even
though, we observe the extension of the bandwidth using the inductive feedback technique. For
the simplicity reasons we call the first case large PD and the second case small PD. In the case of
large PD the zero pole cancellation process happens whereas for the small PD case does not. In
this chapter [49] we will discuss the process of bandwidth extension for the case of the small PD
in detail. The feasibility of the process will be analyzed and the method will be confirmed
mathematically and by extensive simulations.

In this chapter the same TIA circuit using inductive feedback as chapter 3 is used. However,
instead of large PD (150fF) a small PD (50fF) is considered. It is shown that bandwidth

extension process is based on change in the characteristics of the complex conjugate poles.

4.1 Second order system

To explain the bandwidth extension process we will briefly look at the second order
system and its characteristics. Second order system with a pair of complex conjugate poles and
the mathematical characteristic of the poles and relations with frequency response are given as
follows. These relations shown in (4.1) are common equations for the second order system in

control system books [47].
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2

o
Z(s)= i 4.1
() s’ 2w s+ 1)

Poles=-atjb a, b>0 Poles=—¢w, + jw,\1- ¢

a
=—— @ =vVa’+b’
¢ va’ +b* !

BW= a)n\/(1—2472)+,/(1—2§2)2 +1

(1.85-1.190)@, ~ BW (for 0.3<¢ <0.8)

In these relations ¢ and @, are damping factor and natural frequency of the transfer function

Z(s). Poles of the system (roots of the denominator) have been shown in the relations. The -3dB

bandwidth of the transfer function is BW which has been calculated in the relation.

4.2 Complex conjugate poles compensation

Based on Fig. 4.1 which is the same as Fig. 3.2 in chapter 3 the transfer function of the

system is

vdd ¢

M1

Fig. 4.1 TIA with inductive feedback
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a*s’+b*s+c
A*s’ +B*s> +C*s+ D

Z(s)=
4.2)

In which for the case of L=0 the coefficients are shown with the index 1 and we have:

a, =0

b, = Rcf

¢ =1-G R

4,=0

B, =R(cc, +c,c, +cicp) (4.3)

C =c¢ +c,+R(cg, +c,g,+c,G,)

D =g, +G,

Based on the transfer function the A (delta) of the second order denominator is

A=C’—4BD, 44)

If we plug in the coefficients from the equations and simplify, we find boundary conditions as

_ 4RC Gm @.5)
" (+Rg,)’ '
If C,; is large than this term the circuit will have a positive delta, therefore the circuit will

have real poles. In the case of negative delta the circuit will have a negative delta and therefore

the circuit will have complex conjugate poles. In this chapter we refer to the first case as large PD

and the second case as small PD.

39



In Fig. 4.1 for L# 0, we have the following coefficients

a, =Lc,
b,=Rc,-LG,
¢, =1-G,R (4.6)

A, =L(cc, +cc, +cl.cf)
B, =R(c,c, +c,c, +c,c, )+ L(c,g, +c,g,+c,G,)
C,=c +c,+R(c,g, +c,g, +Cme)

D2 :g0+Gm

In the case of small PD since the input capacitance is small based on Eq. (4.5) complex
conjugate poles exist. However, in the case of large PD real poles exist. In the case of small PD
these complex poles are the dominant poles of the circuit. By adding the inductor the coefficients
for the transfer function will change and therefore the characteristic of the poles will change and
the BW which is established based on these coefficients will change as well. We will explain this
mathematically in the following.

In a transfer function with two complex poles and one real pole, the denominator is a

third order polynomial as:
s*+(26w, +7)5” + 2w,y + 0, )s + yo,’ (47)
In this polynomial { and @, are damping factor and natural frequency of the complex conjugate

poles and y is the real pole.
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When the real pole is not dominant (i.e. y is big) we can simplify the polynomial as:

S +yst+20w ys+yw,” 4.8)

In the case of L=0, we had a pair of complex conjugate poles with damping factor and natural

frequency as

D

C, |B _ 1
£, =05=" |—+ w, = 4.9
: B\ D, : B, (49)

B, =R(cc, +c,c,+ccp)
C =c¢ +c,+R(c,g,+c,g,+¢,G,)

Dl :go +Gm

After adding the inductor (applying the inductive feedback) we will have new damping factor

and natural frequency for the amplifier:

C /B D,
== 0.5 2 2 a)n =
4/2 B, \ D, 2 B2 (4.10)

B, =R(c;c, +c,c,+c;c,)+L(c,g, +c,g,+c,G,)
C,=c +c,+R(cg, +c,g, +chm)

D2:g0+Gm

We can see that by adding the inductor we can control the damping factor and natural
frequency of the complex conjugate poles using the value of the inductor. Therefore by a judicial

choice of the value of the inductor we can extend the bandwidth.
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4.3 Simulation results

In order to show the feasibility of the method, the circuit has been simulated using a well-
known sub-micron CMOS technology (i.e. 90nm CMOS STMicroelectronics). Simulations are
done with a single supply (i.e. Vdd =1.2 V) and in the presence of a 50fF photodiode capacitance
and 5fF loading capacitance. This loading capacitance is used to model an on-chip limiting

amplifier that would typically follow a TIA [46].

4.3.1 Zero-Pole Analysis

The zero pole analysis is performed using the schematic of the circuit (Fig. 4.1) with
ideal inductor. Based on the pole-zero analysis for the circuit when L=0 the circuit has two poles
and one zero and the poles are located in the LHP of the s-plane which shows the circuit is stable
[47]. For the case of L#0 the circuit will have two zeros and three poles. Summary of the results

for zero pole analysis of the circuit is shown in table 4.1.

Table 4.1 Pole -Zero analysis for the circuit

L(nH) | Zeros (GHz) | Poles (GHz) | Damping | Natural Calculated
Factor Frequency | BW (GHz)
(GHz)
0 0 -20.1%13.5j3 0.83 242 20.8
1 o0 -17.5%£20.15 0.65 26.6 28.6
-56.8 -52.4
00 -10.6%20.75 0.45 23.2 30.6
2 -27.9 -34.4
0 -7.2118.87 0.36 20.1 28.5
3 -18.5 -30.6
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4.3.2 Frequency response

The frequency response (TIA-Gain vs. Frequency) based on different values of the
inductor is shown in Fig. 4.2 and summarized in Table 4.2. These results are based on extracted
layout of the circuit in which the spiral inductor was modeled using typical models and values

available in the literature [48] as shown in Fig. 3.5 in chapter 3.

Transimpedance(dB-0Ohm)

Frequency(Hz)

Fig. 4.2 Frequency response of the circuit
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From Table 4.2 it can be seen that the -3dB bandwidth of 15.6GHz for L=0 was extended

using the inductive feedback technique to 29.7GHz. The power dissipation in this circuit is

2.2mW.
Table 4.2-AC simulation result of the TIA
M1 (um) M2(um) R(Ohms) L(nH) | G(dB-Ohms) BW(GHz) Peaking
12/0.1 12/0.1 400.7 On 50.8 15.6 0
12/0.1 12/0.1 400.7 In 50.8 29.7 0.6
12/0.1 12/0.1 400.7 2n 50.8 26.3 5.4
12/0.1 12/0.1 400.7 3n 50.8 235 7.5

In Table 4.3 we can see the comparison of this work with other previously published

works using other techniques. The circuit is very low power and compares favorably with other

works. The technique offers low-power dissipation, high bandwidth, using only one inductor.

Also noise performance in this circuit is competitive.

Table 4.3-Performance of the TIA and comparison

Technology (Till?— OG]?:::) BV\? (g][—jj[z) i,in @ANHZ) | Power (mW) I\Ilrlll:i?llz:(r)lzf Pl?ﬂg)ap
This work 90nm- CMOS 50.8 29.7 13.5 2.2 1 50
Design[35] | 180nm-CMOS 61 7.2 8.2 70.2 9 250
Design[38] | 180nm-BiCMOS 54 9.2 17 137.5 4 500
Design[34] | 180nm-CMOS 51 30.5 343 60.1 15 50
Design[32] 80nm-CMOS 52.8 13.4 28 2.2 3 220
Design[55] | 180nm-CMOS 62.3 9.0 N/A 108.0 2 150
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4.4 Eye diagram

The eye diagram for the circuit is simulated and shown in Fig. 4.3. The main objective of
bandwidth extension is to pass the data of high rate through the system without ISI. This high
data rate imposes specifications on the TIA. Therefore to make sure that the performance is
proper, the eye diagram produced by the circuit must be simulated and examined. If the eye is
open, it means performance is good enough. As we can see in the Fig. 4.3 the eye is quite open
and therefore it shows that the performance of the system is good enough to pass the high data
rate. For the inverter based TIA using inductive feedback in this simulation the amount of input
capacitance is 50fF. The amount of the inductor for this simulation is 1nH and the amount of

data rate is 40Gb/s.

sult "tran-tran™ 01 9e-05 1e-10)

50
tirme {psh

Fig. 4.3 Eye diagram for the circuit for data rate= 40Gb/s
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4.5 Estimation of BW Extension Ratio (BWER)

One of the important parameters to evaluate the Bandwidth extension techniques in
transimpedance amplifiers is theoretical bandwidth extension ratio (BWER). The definition for
this term is the comparison between the bandwidth before applying the technique to the circuit
and after applying the technique. The ratio of the new BW and the old BW will define the
BWER. The BW extension ratio can be found using simulations since the analytical calculation
of BWER can result on complicated and cumbersome equations and it has been avoided in the
literature. Because of the complexity of these analog systems when we face these kinds of
analyses, we have to make some assumptions. The discussion of the bandwidth extension ratio
for the two previously mentioned cases (i.e. large and small PD) were done and will be reported
in this part.

The analysis for BWER for the Inductive Feedback technique shows that for the first case
(large PD) where the zero-pole cancellation process is done the theoretical BWER is
approximately 2.7. For the second case (small PD) in which the BW extension process happens
based on the change in the characteristics of the complex conjugate poles BWER is
approximately 2.1. These figures of merits are competitive in comparison with other Bandwidth

extension techniques which will be discussed in this chapter.
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4.5.1 BWER for large PD

The process for bandwidth extension in this case is zero pole cancellation. The circuit
before adding the inductor has two poles in which one of the poles is dominant and by adding the
inductor the dominant pole will be cancelled and the circuit will be left by a pair of complex
conjugate poles. In order to find the theoretical BWER we need to mathematically plot the
transfer functions of the systems before and after applying the technique.

The BWER based on the mathematical formula of the transfer function and typical values for the

circuit parameters has been shown in Fig. 4.4.
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Fig. 4.4 Mathematical simulation of transfer function

From Fig. 4.4 with L=0 and L=InH the values for the -3dB bandwidth are 165Grad/s and

455Grad/s. Therefore theoretical BWER of more than 2.7 can be achieved using this technique.
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4.5.2 BWER for small PD

In this case the coefficient C1 is small and therefore the magnitude of this pole will be
large which means the real pole of the transfer function is not dominant. Therefore the BW
extension will happen using the inductive feedback by changing the characteristics of the
dominant poles (complex conjugate poles).

In this case the circuit already has a pair of complex conjugate poles. Based on the transfer

function, damping factor and natural frequency can be found using these relations

C, |B Dl
=0.5= | w, = |— .
¢ B D, B, (4.15)

B, =R(cc, +cse, +ccp)
C =c¢ +c,+R(cg,+c,8,+¢,G,)
Dl = go + Gm

Based on the damping factor and the natural frequency we can calculate the -3dB bandwidth

from

BW=0,/(1-26%) +/(1-2¢7) +1 (4.16)

We can approximately assume that the complex conjugate poles construct the frequency

response of the circuit which is not very far from reality.

c, (B D,
=05=-2% |—=% @, = |—= 4.1
é’ B2 DZ BZ ( 7)
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BZ = R(cico +Cfco +Cicf)+L(Cig0 +Cfg0 +Cme)

C,=¢ +c¢,+R(cg,+c,g,+¢,G,)

D,=g,+G,

Based on the damping factor and the natural frequency we can calculate the -3dB bandwidth

from the relation

BW=0,/(1-20%) +[(1-2¢7) +1 (4.18)

For the PD=50fF the same process was done and the result was shown in Fig. 4.5.
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Fig. 4.5 Mathematical simulation of transfer function
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The theoretical bandwidths based on values of inductors of L=0 and L=0.75nH are
276Grad/s and 556Grad/s respectively. It is shown in Fig. 4.5 that the theoretical BWER of more
than 2 can be achieved when the input capacitance is small.

The bandwidth reported in this part is the Matlab simulation of the transfer function of
the small signal model using ideal inductors with no parasitic elements [76]. In this simulation
the input capacitance is only considered to be the photodiode capacitance and the feedback
capacitances from input and output are ignored. This is the reason the bandwidth reported in this

part is more than the bandwidth reported from the actual bandwidth from extracted simulation.

4.6 Conclusion

In this chapter the theory of Bandwidth extension for small value of Photodiode (PD) was
explained by means of approximately considering the complex conjugate poles as dominant
poles of the circuit. The behavior of the circuit can be realized by explaining that the
characteristics of the complex conjugate poles are changed using the inductive feedback in order
to extend the bandwidth. The circuit achieves -3dB bandwidth of almost 30 GHz by only using
one inductor when draws 2.2mW. The eye diagram of the system has been simulated to show the
effectiveness of the circuit to pass the high data rate without ISI. In addition to that the
discussion of theoretical BWER for both the cases of large and small Photodiode (PD) was
shown. For the case of the large PD, BWER of more than 2.7 was achieved and for the case of
the small PD, BWER of more than 2. These results are competitive with other techniques. Shunt
peaking achieved the BWER of 1.7 [30] and that for inductor between the stages is 2.4 [37]. PIP

technique achieved 3.3 [34] and that for series peaking is 2.5 [35].
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In chapter 3 inductive feedback was used to extend the BW (zero-pole cancellation) when
dominant pole was at the input of the circuit (large PD). In this chapter the other case was
discussed when the input pole is not dominant and BW extension is done by changing the
characteristics of the complex conjugate poles. The inductive feedback technique based on the
analysis and simulation results shows that, it is capable of extending the BW effectively without
reducing the DC gain.

In the next chapter another topology of transimpedance amplifiers using inductive
feedback will be analyzed. The process of bandwidth extension for common source based

transimpednace amplifier will be discussed and a new 3 stage TIA will be introduced.
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Chapter 5

Wideband Common Source based TIAs

Optical receivers have a great role in today’s high data rate (Gb/s) wireline data
communication systems. To achieve such high data rate all the amplifiers in the signal path should
be wideband enough to be able to amplify the signals in those high frequencies. Transimpedance
amplifiers (TIAs) at the frontend of the optical receivers have the important task of amplifying the
small current received from the photodiode to an acceptable level of voltage for the next stage.

The bandwidth of CMOS TIAs is limited by the photodiode (PD) capacitance and parasitic
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capacitances of the MOS transistors. Attempts have been made recently to extend the bandwidths
of TIAs to reach the data rate of 100Gb/s. In this chapter an attempt has been made to extend the
bandwidth of cs-based TIA using inductive feedback more by introducing a new three- stage TIA

to achieve data rates of more than 40Gb/s.

In this chapter, inductive feedback approach for BW extension of common source based
Transimpedance amplifier has been applied [39]. The effect of parasitic capacitances [51] of the
MOS transistor has been reduced using the mentioned approach. The process of zero-pole
cancellation for 3 different values of the photodiode capacitance (CPD) to extend the BW of the
amplifier is explained. A new and very wideband three stage transimpedance amplifier based on
common source amplifier is introduced. To demonstrate the feasibility of the technique
transimpedance amplifiers are simulated in a well-known CMOS technology (i.e. 90nm
STMicroelectronics).

Single stage common source based transimpedance amplifiers achieve 3-dB bandwidths of
32.1GHz, 21.8GHz, and 15.8GHz in the presence of a 50fF, 100fF, 150fF photodiode
capacitances and 5fF loading capacitance while only dissipating 2.03mW. The new three stage
amplifier achieves bandwidths of 42.8GHz, 35.5GHz, and 28.5GHz in the presence of 50fF,
100fF, 150fF photodiode capacitances. The power consumption for the new transimpedance
amplifier is 6.1mW. For all the structures noise performance is competitive in comparison with
other works. Eye diagrams for single stage and three stage transimpedance amplifiers have been

simulated and shown in this chapter.
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5.1 Single stage common source based TIA using inductive feedback

The idea in this part is to extend the bandwidth of the TIA by deliberately adding a zero to
the transfer function of the TIA and hence cancel the dominant pole of the amplifier thereby
extending the BW. This can be done by adding an inductor to the feedback path of the TIA. The
newly introduced inductor in the feedback path (inductive feedback) adds one zero and one pole
to the transfer function of the TIA and by an appropriate design the newly added zero can cancel

the dominant pole of the amplifier and hence extend the BW [44].

In order to discuss the technique in detail we consider two TIAs shown in Figures 5.1 and
5.2. In this chapter we refer to the circuit in Fig. 5.1 as the common source based TIA (CS-based)
[78] with resistive feedback and the circuit in Fig. 5.2 as the common source TIA with inductive

feedback [44], [39].

The small signal model for the single stage common source based TIA with inductive
feedback is shown in Figure 5.3. The parasitic capacitances of the transistor are shown in this
figure as well. This small signal model is used to derive the mathematical transfer function of the

circuits. This mathematical model is used to analyze the circuits in this chapter.
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Fig. 5.2 CS-TIA with inductive feedback
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Fig. 5.3 Small signal model of the CS-TIA with inductive feedback

In the small signal model for the TIA we have these definitions:

G, =8g.

v, =7 | RL)
C; =Cqq TCpp
C; =Cop

C, =Cyp TC

And the transfer function of this circuit is:

2
Z(s) = as” +bs+c

As® +Bs*+Cs+D

(5.1)
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In which for the case of the Figure 5.1 (L=0) the coefficients are shown with the index 1 and

we have:
a, =0
b, =Rc,
¢ =1-G R
4,=0

B, =R(cc, +c,c, +ccp)
C,=c +c,+R(g,+c,g,+c,G,)

D =g +G,

For the case of the circuit in Figure 5.2 we have the coefficients as (shown with the index 2):

a, =Lc,
b,=Rc, LG,
¢, =1-G R

4, =L(c,c, +c,c,+cicp)
B, =R(c,c, +c,c, +c,c, )+ L(c,g, +c,g,+c,G,)

C,=c +c,+R(cg, +c,g, +Cme)
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DZ :g0+Gm

Considering the transfer function of the system in Figure 5.1, the dominant pole of the system

which defines the -3db BW, can be approximately calculated as D1/C1 which is

p_ 8, +G,
Ci + Co + R(Cigo + Cfgo + C/"Gm)

(5.2)

In this approach, the dominant pole is cancelled by introducing a new zero to the transfer
function. This can be achieved by adding an inductor in the feedback path of the amplifier of Fig.
5.1 which results in Figure 5.2. As we can see adding an inductor to the feedback path adds one

pole and one zero to the transfer function and the amount of newly added zero is approximately

/7 =

R
7 (5.3)

From the equations (5.1) and (5.2) by choice of the inductance we can cancel the dominant
pole of the circuit in Figure 5.1 hence extend the BW. An approximate value for the amount of the

inductor can be calculated by solving the equation P=Z so we will have

L _ R(Cz + Co) +R2(Cz’g0 + Cme)
- g, +G,

(5.4)
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5.2 Zero-Pole Cancellation Process

In order to show the bandwidth extension process in detail the circuit has been simulated
using a well-known sub-micron CMOS technology (i.e. 90nm CMOS STMicroelectronics).
Simulations are done with a single supply (i.e. Vdd=1.2 V). To show the validity of the zero-pole
cancellation process for BW extension, the simulations were done for 3 different PDs of
50,100,150fF. The load capacitance for these 3 circuits is 5fF. This loading capacitance is used to

model an on-chip limiting amplifier that would follow a TIA.

Based on the pole-zero analysis for the circuit in Figure 5.1 (TIA with resistive feedback),
the circuit has two poles and one zero and the poles are located in the LHP of the s-plane which
shows the circuit is stable. Considering the case in Figure 5.2 in which we have added the
inductor to the feedback, the circuit will have two zeros and three poles. By choosing the inductor
according to (5.4) we can cancel the dominant pole leaving a pair of complex conjugate poles in
the circuit. The circuit after having cancelled the single dominant pole will have two complex
conjugate poles with a damping factor and natural frequency which can be designed for the
desired frequency response. The zero-pole cancellation processes are shown in the tables 5.1, 5.2,
5.3 for CPD of 50,100,150fF and we can see that by changing the value of the inductor in the
circuit the newly added zero is moving towards the dominant pole of the circuit. In the end it
reaches to that pole and cancels it and hence this zero can extend the -3dB BW. We can also see
that the positions of the complex conjugate poles are changing by sweeping the value of the

inductor.
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Table 5.1 Pole -Zero analysis for the circuit (PD=501F)

L(nH) Zeros (GHz) Poles (GHz)
0 -15.5

0

-60.9

o0 _19.6

1
~50.5 ~45.4132.37
o0 -23.7

1.5
_33.1 -32.7425.15
% —27.4

1.8
-27.4 -27.8%£22.175
0 -31.6

2
247 -23.4%20.17

In the table 5.1 for the inductor amount of 1.8nH the pole and the zero of the circuit

become equal and zero pole cancellation happens for that value of the inductor. In this case the

complex conjugate poles will construct the -3dB bandwidth of the circuit.
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Table 5.2 Pole -Zero analysis for the circuit (PD=100fF)

L(nH) Zeros (GHz) Poles (GHz)
-8.3
0 [00)
-63.6
o0 -9.1
1
-50.4 -48.9+35.95
o0 -13.1
3
-16.4 -25.7+13.87
o0 -15.1
3.25
-15.1 -24410.97
o0 -20.3
3.5
-13.9 -20.5+6.97

In table 5.2 for the inductor amount of 3.25nH the pole and the zero of the circuit become equal

and zero pole cancellation happens for that value of the inductor.
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Table 5.3 Pole-Zero analysis for the circuit (PD=150fF)

L Zeros Poles
(nH) (GHz) (GHz)
0 © 5.6
-64.1
0 -6.1
2
-24.6 -33.7+25.75
0 -8.2
4
-12.2 -24.749.17
0 -10.2
45
-10.2 -23.5+2.8
0 -30.4
5
-9.7 -12.2+2.17

We can see that in the table 5.3 for the inductor amount of 4.5nH the pole and the zero of
the circuit become equal and zero pole cancellation happens for that value of the inductor.

In the tables 5.1, 5.2 and 5.3 zero pole cancellation process for the single stage common
source based transimpedance amplifier for different values of photodiode capacitance were

shown. In these tables the exact value of the inductor showing the process can be found.
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5.3 Frequency response for single stage CS-based TIA

Frequency responses (TIA-Gain vs. Frequency) which are reported in this part are based

on the extracted layout of the circuit. In these simulations the spiral inductor was modeled using

the broadband RLC model for the spiral inductor from the EM-simulation of the Virtuso Passive

Component Modeler (VPCM) of cadence which is shown in Figure 5.4.

CS
I
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LS11 Ls22
RS11 RS22
RS1 RS2 I YYY |
Ls1 ‘VV\V Ls2
Cox e Cox =
= Cox =
e csi| RSi2 csiz_|
csit RSi1 T Rsi 7

!

Fig. 5.4 Spiral inductor model used for simulation

In Figure 5.4 the parasitic elements of the spiral inductor are very important and should be

considered for calculation of the bandwidth. The values for the parasitic elements have been

extracted from the VPCM tool and tabulated in table 5.4.
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Table 5.4 Typical Values of the parasitic elements

Cs Lsl | Rsl LsI1 | Rsll Ls2 | Rs2 Ls22 | Rs22 | Coxl Cox Cox2 | GCsil Rsil Csi Rsi Csi2 | Rsi2
25 1 6.7 176 6.4 1 6.7 176 6.4 6.5 17.5 5.1 14.8 641.6 19.2 | 4938 | 5.5 1.7
fF nH Ohms | pH Ohms | nH Ohms | pH Ohms | pH fF fF fF Ohms fF Ohms | fF KOhms

5.5, 5.6, 5.7. In these figures two cases are shown. One case is the simulation for the frequency
response without the inductor L=0 and the other case is with the value of the inductor which gives

the bandwidth extension for the respective photodiode capacitance. Fig. 5.5 shows the simulation

The frequency responses based on different values of the inductor are shown in Figures

for the photodiode capacitance of SOfF for which the value of the inductor is 2nH.
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Fig. 5.5 Frequency response of the CS-TIA (PD=501F)
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Fig. 5.6 shows the simulation for the photodiode case of 100fF for which the value of the
inductor is 3nH. Fig. 5.7 shows the simulation for the photodiode capacitance of 150fF for which

the value of the inductor is 5nH. In each case the extension of the bandwidth can be observed.
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Fig. 5.6 Frequency response of the CS-TIA (PD=100fF)
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Fig. 5.7 Frequency response of the CS-TIA (PD=1501F)

The frequency responses are summarized in Tables 5.5, 5.6, 5.7. The amount of gain peaking
has been shown as well. From each table it can be observed that the bandwidth has been extended

from the value when L=0 to the value of that when L is not 0.
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Table 5.5 AC simulation result of the TIA (CPD=501F)

Ml R(Ohms) RL(Ohms) L(nH) G(dB-Ohms) BW (GHz) Peaking(dB)
12/0.1 400 400 On 46.8 8.05 0
12/0.1 400 400 2n 47.1 21.8 0
Table 5.6 AC simulation result of the TIA (CPD=100fF)
Ml R(Ohms) RL(Ohms) L(nH) G(dB-Ohms) BW (GHz) Peaking(dB)
12/0.1 400 400 On 46.8 14.1 0
12/0.1 400 400 3n 47.1 32.1 0
Table 5.7 AC simulation result of the TIA (CPD=1501F)
M1 R(Ohms) RL(Ohms) L(nH) G(dB-Ohms) | BW (GHz) Peaking(dB)
12/0.1 400 400 On 46.8 5.6 0
12/0.1 400 400 5n 47.1 15.8 0

From tables it can be seen that Bandwidth Extension Ratio (BWER) of more than 2 has been

achieved. The technique offers low power dissipation, high bandwidth, using only one inductor.
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5. 4 Three Stage Common Source based Transimpedance amplifier

Cascaded amplifiers are one of the most common ways to widen the bandwidth of the

amplifiers [37] and therefore, we can cascade the common source transimpedance amplifiers to

get more Gain*Bandwidth from the amplifier. In this part we introduce cascaded three stage

common source Transimpedance amplifier with inductive feedback as a very wideband structure

for high speed optical receivers. Figure 5.8 shows this new TIA. As can be seen in the circuit

three single stage common source TIAs using inductive feedback have been cascaded together to

build a new TIA.
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Fig 5.8 Three stage common source TIA using inductive feedback
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In figures 5.9, 5.10, 5.11 we can see the frequency response for the three-stage TIA for
different values of the inductors for the photodiode capacitances (PD) of 50fF, 100fF, 150fF

respectively. The bandwidth for bigger values of the Photodiode is lower.

10 i i : i i

Fig 5.9 Frequency response of the three stage TIA (PD=50fF)
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Fig 5.11 Frequency response of the three stage TIA (PD=150fF)
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In tables 5.8, 5.9, 5.10, we can see the summary of the frequency response results
(bandwidth, gain, and gain peaking) of the three stage TIA for different values of the photodiode
capacitance. In the table 5.8 the results for the PD of 50fF is shown. From the table we can see
that the -3dB bandwidth has been extended from 10.7GHz to 42.8GHz and this corresponds to
BWER (Bandwidth Extension Ratio) of more than 4 for this circuit. In the table 5.9 the results
for the PD of 100fF are shown. The -3dB bandwidth for this case has been extended from
6.2GHz to 35.5GHz. This corresponds to BWER of around 6. In the table 5.10 for the PD of
150fF the bandwidth from 4.2 GHz for the case of resistive circuit (all L=0) has been extended to

28.5GHz which corresponds to BWER of 7.

Table 5.8 Three Stage CS based TIA with inductive feedback (CPD=50fF)

L1 L2 L3 Gain BW Peak
(nH) (nH) (nH) (dB-ohms) | (GHz) (dB)
2 2 2 46 42.8 2.7
0 0 0 429 10.7 0
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Table 5.9 Three stage CS TIA with inductive feedback (CPD=100fF)

L1 L2 L3 Gain BW Peak
(nH) (nH) (nH) (dB-ohms) | (GHz) (dB)
3 3 3 46.5 35.5 1.9
0 0 0 42.9 6.2 0
Table 5.10 Three stage CS TIA with inductive feedback (CPD=150fF)
L1 L2 L3 Gain BW Peak
(nH) (nH) (nH) (dB-ohms) | (GHz) (dB)
5 5 5 48.1 28.5 2.1
0 0 0 42.9 4.2 0

These results show the effectiveness of the technique for bandwidth extension for
different values of the photodiode capacitance (CPD). By adjusting the value of the second
resistor the amount of the gain peaking can be adjusted. For the case of 50fF, 100fF, 150fF R2

can be 700 ohms, 8000hms and 1.5Kohms respectively to mitigate the peaking.
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5.5 Noise Analysis

The input referred noise current In, in is an important issue for TIA design, which
determines the sensitivity of the circuit. Also in cascaded structures normally the effect of the
first stage in the noise performance of the whole chain can be very important because the impact
of the noise from other stages can be mitigated through the gain of the previous stages. As for the
noise analysis of the CS-stage, studies show that noise characteristics of the device are
dominated by the drain thermal noise [52], [53]. Based on the discussion above we can model the
input referred noise based on the equivalent model for the noise performance for this circuit

which has been shown in the Figure 5.8.

Vo

RL

Ci ==cL
Gmv In,M1 2
Vn,RLIA

Fig 5.12 Noise equivalent model of the CS-TIA

In order to analyze the input referred noise first we define the noise sources in the equivalent

circuit.
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V2. =4KTR

VZir =4KTR, (5.5)

I’ =4KThg,

The value for y is approximately mentioned as 2/3 and the exact amount for this parameter is
under active research [54]. In order to analyze this, we can apply the superposition to noise
sources and the result of the noise analysis will be the summation of the current noise at the

input. We can approximately write the relation for the input referred noise as

1+ (@Cpp)|Z,[ L 4KT
g Z‘ZR‘z R

m

[zn,in = 4KT7gm, (5.6)

Z,=R+Ls

Based on the above equations, the inductive feedback technique can improve the noise
performance of the transimpedance amplifier. The reason is that the inductive feedback makes a

frequency dependent feedback factor which reduces the effect of the noise sources in the circuit.
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It can be shown that the noise contribution from the load is very small. For the matter of
simplicity we ignore the noise effect of the output load to the input. In equation (5.5) for the case
of regular TIA (L=0) by increasing frequency only the numerator will increase and hence the
noise current will increase. However, for the case of inductive feedback the term including the
frequency appears in the denominator as well which decreases the noise contribution referred to
the input of TIA. Simulations for the noise analysis are done on the circuit and the results can be
seen in figures 5.13 and 5.14. Figures show the results for the one stage and also 3 stage CS-
Based TIAs.

In Fig. 5.13 the simulations for the input referred noise of the single stage common
source based transimpedance amplifier are shown. Simulations for different values of the
photodiode capacitances and respective values of the inductors can be seen in this figure.

The discussion in this part is related to noise PSD. In each case, it can be observed that

adding the inductor to the feedback path can improve the noise performance of the circuit.
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Fig 5.13 Simulated In, in with different values of Cpd and L for one stage CS TIA

In Fig. 5.14 the simulations for the input referred noise of the three stage common source
based transimpedance amplifier are shown. Simulations for different values of the photodiode
capacitance and respective values of the inductors can be seen in this figure.

The simulation shows the noise PSD. For each case, it can be observed that adding the

inductor to the feedback path can improve the noise performance of the circuit.
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Fig 5.14 Simulated In, in with different values of Cpd and L for three stage CS TIA

In table 5.11 we can see summary of the results and comparison with other works. The
first six rows show the results from this chapter. The single stage and the three stage common
source TIA with inductive feedback for 3 different values of the photodiode capacitance have
been simulated and the results for the circuitries of this chapter are compared in this table. As we
can see the circuits are very low power in comparison with other works. Despite having low
power the circuits have competitive noise performance. There is no figure of merit [74] which
can define all the parameters involved with the design of the transimpedance amplifiers. In this

table, it can be seen the circuits in this chapter are low power and high bandwidth in comparison
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with other previously published works. The number of inductors used in the circuits in this

chapter is lower than the number of inductors of most of the TIAs.

Table 5.11 Summary of the results and comparison with other works

TIA Gain -3dB i (pANHZ) Number of | PD Cap
Technology i Power (mW)
(dB-Ohm) BW(GHz) Inductors (fF)
This work
90nm-CMOS 429 42.8 6.1 3 50
[Fig. 5.8] 29.8
This work
90nm-CMOS 429 355 6.1 3 100
[Fig. 5.8] 33.5
This Work
90nm-CMOS 429 28.5 6.1 3 150
[Fig. 5.8] 38.4
This work 15.6
90nm- CMOS 47.1 32.1 2.03 1 50
[Fig. 5.2]
This work 17.3
90nm- CMOS 47.1 21.8 2.03 1 100
[Fig. 5.2]
This work 19.4
90nm- CMOS 47.1 15.8 2.03 1 150
[Fig. 5.2]
. 16.9
Design[44] 90nm-CMOS 50.8 16.7 2.2 1 150
Design[35] | 180nm-CMOS 61 7.2 8.2 70.2 9 250
Design[37] | 180nm-BiCMOS 54 9.2 17 137.5 4 500
Design[34] | 180nm-CMOS 51 30.5 343 60.1 15 50
Design[32] | 80nm-CMOS 52.8 13.4 28 2.2 3 220
Design[55] | 180nm-CMOS 62.3 9.0 N/A 108.0 2 150
Design[39] 65nm-CMOS 8 29GHz N/A 6mW 1 N/A
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5.6 Eye diagram

The eye diagram for the circuit in this chapter has been simulated and shown as follows.
The main objective of bandwidth extension is to pass high data rate. This data requires specific
performance which may not be achieved if the TIA does not satisfy the necessary conditions to
avoid ISI. Therefore to make sure of the performance, the eye diagram produced by the circuit
must be simulated and examined. If the eye is wide open, it shows performance is good.

Fig 5.15 shows the eye diagram for the three stage common source based
Transimpedance amplifier using inductive feedback with input capacitance of 50 fF. In this
simulation the value of L is 2nH the data rate of is 50Gb/S.

Fig. 5.16 shows the eye diagram for the one stage common source based transimpedance
amplifier using inductive feedback and for the input capacitance of S0fF. In this simulation the
data rate of 40Gb/s and L of 2nH have been used.

As we can see in these figures the eye is quite open and therefore it shows that the
performance of the system is good enough to pass the high data rate.

In comparison between the two topologies, simulations show that the one stage
transimpedance amplifier is incapable of passing the data rate of 50Gb/s without inter symbol

interference in opposed to the three stage amplifier.
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Fig. 5.16 Eye diagram for the one stage CS-TIA (data rate=40Gb/s)
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5.7 Discrete frequency scaled down experiment

The concept of bandwidth extension using inductive feedback has already been proved by
IC realization [39] in an advanced technology (65nm CMOS). In order to show the concept of
bandwidth extension using inductive feedback technique, a sample circuit based on common
source amplifier using inductive feedback is assembled. The discrete components available in the
electronics laboratory are used to assemble the circuit. Two cases of discrete circuits with and
without inductor have been assembled and -3db bandwidth for both the cases has been measured.

Fig. 5.17 shows the circuit and its output signal on the oscilloscope for a sinusoidal input.

vdd ¢

$1K

<
10uF  Vout
1K 10uF by —"—
W—i| L

Q)

|'— M1

30K 1K =—=47uF

Fig. 5.17 Discrete circuit assembled and the output signal
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First, the circuit has been assembled without the inductor (L=0) and with the resistor value

of 100 Ohms. The -3dB cut-off frequency for this case is 22MHz. Then, the circuit is assembled

by adding the inductor to the feedback path. The value of the inductor which has been added to

the feedback path is L=100uH. In this case the measured -3dB cut-off frequency is 35MHz. This

experiment confirms that by adding the inductor to the feedback path the bandwidth of the circuit

is extended from 22MHz to 35MHz. This shows the technique can extend the bandwidth of the

transimpedance amplifier. In Fig. 5.18 the frequency response based on the experiment is shown.

The effect of loading of the oscilloscope has been considered in calculating the transimpedance

gain.
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Fig. 5.18 Frequency response based on discrete experiment
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The reason for dropping the gain of amplifier at high frequencies is parasitic capacitances
of the transistor. The value of the impedance for a capacitance is related inversely to the
frequency. By increasing the frequency, the impedance values for these capacitances decrease.
Therefore these low impedance values can lower the gain of the amplifier at high frequencies. In
the second circuit the inductor is added to the feedback path (L#0). The value of the impedance
for the inductor is proportional to the value of the frequency as opposed to impedance value of
capacitor. Therefore this impedance which is increasing by higher frequencies compensates the
impedance of the parasitic capacitances of the circuit. Therefore, this compensation of the
impedance results in rolling off the gain not as fast as the case when L=0. This will result in the
extension of the bandwidth. In this thesis it was shown that this inductor added a zero to the
transfer function of the circuit. By adding a zero to the transfer function, the slope of the
frequency response in the Bode plot can be compensated by 20dB. A pole which was created by
capacitance of transistor drops the slope of the frequency response by -20dB. These phenomena
will lower the pace at which the gain rolls off. Therefore as a result of adding the inductor to the

feedback path the -3dB bandwidth will be extended.

5.8 Conclusion

In this chapter the inductive feedback technique is applied to the CS-based TIA. The
process of zero pole cancellation for single stage CS-based transimpedance amplifier is
explained mathematically using the small signal model and transfer function. Simulation results

for frequency response are shown. HSpice zero-pole analysis is performed for different values of
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the indcuotrs and photodiode capacitances (PD). In each case the process of zero pole
cancellation is analyzed. A 90nm CMOS process from STMicroelectronics is used to simulate
these circuits. A new three stage very wideband transimpedance amplifier based on the common
source TIA with inductive feedback is introduced. The simulation results for the frequency
response of the new TIA are shown. The new TIA offers high bandwidth for very low power
consumption. Based on the theory of the cascaded amplifiers, this circuit can have higher
Gain*Bandwidth than the single stage TIA. The combination of the inductive feedback technique
and the cascaded amplifiers can offer high BWER for these types of circuits. Eye diagrams for
the one stage and three stage circuits have been simulated and shown in this chapter. For high
data rates used in the simulation the eye is wide open for both the single stage and three stage
TIA. The open eye proves the capability of the circuit to pass the high data rate without
significant inter symbol interference (ISI). Noise analysis for single stage and three stage
transimpedance amplifiers for different values of photodiode capacitances and inductors are done
using 90nm CMOS STMicroelectronics. A sample of a frequency scaled down of the circuit has
been assembled and the measurement results are shown for this circuit. The evaluation of the
results shows the effectiveness of the technique to extend the bandwidth of the TIAs effectively.
In the next chapter the conclusions and contributions of the thesis and future works are
explained. Detailed contributions to knowledge of this thesis are explained. Insights for the

future work based on this thesis and also for other horizons in the field of TIAs are given.
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Chapter 6

Conclusion

6.1 Conclusions and contributions of the thesis

Optical receivers have an important role in high data rate data communication systems.
These receivers have data rates of multi Gb/s. To achieve such high data rate in the design of
optical receivers, we need wideband amplifiers in the signal path. As a rule of thumb, the
bandwidth of the amplifiers in the optical receivers should be 70% of the data rate. For these
systems, CMOS technology is used which is the only candidate that can achieve the required

level of integration with reasonable cost.
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The small current received from the photodiode is amplified using the transimpedance
amplifier which is one of the main building blocks in the receiver frontend. Due to high data rate
of fiber optic communication systems the bandwidth of transimpedance amplifiers should be
high and it should satisfy gain requirements.

It had been shown that inductive feedback technique was capable of extending the
bandwidth of CMOS transimpedance amplifiers effectively [39]. However, no mathematical
analysis was available in the literature explaining this phenomenon. The main focus of this thesis
was to explain mathematically the mechanism of bandwidth extension of CMOS transimpedance
amplifiers with inductive feedback.

The analysis of zero pole cancellation for bandwidth extension of transimpedance
amplifiers was discussed in detail and simulation results for this technique was given [44].
Another analysis for the inductive feedback technique which is based on complex conjugate pole
compensation for the bandwidth extension of the transimpedance amplifiers was shown in detail
as well [49]. When PD is small, the total input capacitance of the amplifier is so small that it
does not construct the dominant pole of the amplifier. In this thesis, it was shown that for small
PD how inductive feedback could change the characteristic of the complex conjugate poles of the
transfer function and hence extend the bandwidth of the TIA [49].

First, we applied the inductive feedback to an inverter type amplifier and showed that this
technique was effective to extend the bandwidth. Then, we applied the technique to common
source amplifier with a resistive load and showed the bandwidth extension process of zero pole
cancellation [56]. In this thesis a new three stage transimpedance amplifier which was based on

cascading [50] the common source amplifier was introduced as well.
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Normally to design Ultra Wideband (UWB) amplifiers [73], only one amplification stage
is not enough. In fact, to design a very high bandwidth amplifier, a combination of bandwidth
extension techniques is used. Combination of the inductive feedback technique with other
techniques was the idea which could lead to new and very wideband transimpedance amplifier.
First the zero pole cancellation process for the single stage amplifier in which the inductive
feedback technique had been applied was discussed in detail for 3 values of the photodiode
capacitances of 50fF, 100fF, and 150fF. Next the new transimpedance amplifier which was the
three-stage common source based amplifier was introduced. The process of bandwidth extension
has been discussed and shown using extensive simulation [50],[56]. Moreover, the noise
analyses for both single stage and three-stage amplifiers for different values of the photodiode
capacitance i.e. S0fF, 100fF, and 150fF were shown in detail. The noise performance was shown
to be improved using the inductive feedback technique for transimpedance amplifiers. In
addition, eye diagrams for each transimpedance amplifier were simulated and shown. Wide open
eyes for the structures prove the capability of the circuitries to accommodate high data rate. A
discrete frequency scaled down sample circuit was built and the results were given to prove the

concept of bandwidth extension.

Major contributions of this thesis are:

e Mathematical analysis of zero pole cancellation for the inverter based CMOS

transimpedance amplifier [44]

e Mathematical analysis of bandwidth extension by compensation of complex conjugate

pole characteristics [49]
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e Mathematical analysis of bandwidth extension for common source based
transimpednace amplifiers with different input capacitances based on zero pole
cancellation [56]

e Introduction of a new three stage CMOS transimpedance amplifier based on common

source stages using inductive feedback

Overall, this thesis provides insight and develops useful techniques to design high speed
optical receivers using CMOS integrated circuit technology. It gives detailed understanding
of mechanisms of bandwidth extension for tansimpedance amplifiers and emphasizes on

understanding these details which have been usually ignored in the literature.

6.2 Future work

In this thesis one of the effective methods to extend the bandwidth of transimpedance
amplifiers was taken into account. Detailed analysis for bandwidth extension of transimpedance
amplifiers using this technique was performed by mathematical analysis and extensive
simulation. Same method can be applied to other bandwidth extension techniques. Deep
understanding of these processes can help researchers to move forward towards better designs in
different aspects.

The three stage transimpedance amplifier circuit was introduced in this thesis and
effectiveness of the circuitry to extend the bandwidth of transimpedance amplifier was shown.
For the newly introduced transimpedance amplifier (cascaded amplifier) detailed mechanism of

bandwidth extension can be explored.

88



Moreover, the inductive feedback technique can be applied to other type of amplifiers and
the bandwidth extension can be analyzed for new circuits. Detailed process of bandwidth
extension for the amplifiers can be explored and possibilities for new methods to extend the
bandwidth of amplifiers can be discovered [57], [58].

Mostly, the effect of bandwidth extension techniques on the other parameters has been
ignored in the literature. A research can begin to consider the effect of the bandwidth extension
techniques on other parameters involved such as phase, group delay, etc with these types of

circuits [59], [60].
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Appendix A

Why Silicon?

There are two major advantages in using silicon as substrate for integrated circuits. The
first one is that silicon has great potential for high density integration and the second one is the
cost. The main thing in every project is the cost. There are many good technologies such as SiGe,
GaAs, etc to develop these types of high speed circuits with much better quality and bandwidth.
However, these technologies are very expensive in comparison with silicon [71]. In this trend the
number of transistors in the microprocessor doubles every 18 months [61], [62] and the price of a
transistor drops by the factor of 100 in 15 years [62]. This is the reason that silicon is the best

candidate to design these circuits.
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Appendix B

Impedance function

Impedance function is a function of frequency with no right half-plane poles. In this
function the numerator should be at most one degree higher than the degree of the denominator
[36]. It means that if the denominator’s degree is 3 the degree of the numerator can be at most 4.
Therefore all the transfer functions in this thesis satisfy the conditions for an impedance function.

The conditions for an impedance function have been discussed in detail in the literature [63].
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Appendix C

Photo detectors (PD)

Photo detector (PD) is a device to convert photon (light) to electrical signal (current).
This device is connected to the input of the receiver and the duty of the device is to convert light
to current and this current is further will be amplified by the transimpedance amplifier. There are
two commonly used types of PD which are p-i-n diodes and metal semiconductor metal devices
[79]. In both these types, there is an electrical field between terminals of the device [64]. This
electrical field derives the electrons and holes to the terminals [64]. The result of this action and
reaction will be a current proportional to the incident. The photodiode converts the light (photon)
to electrical signal (current) based on this phenomenon [67], [75]. An equivalent circuit model of
the PD is often represented by a current source with a shunt capacitance [5]. There are more
complicated models for a photodiode in the literature [65], [66] instead of a simple capacitance.
In the design of amplifiers, for simplicity, the photodiode can be modeled as an easy model of a

capacitor [68], [69], [70].
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