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ABSTRACT 

The challenge of creating a new environment of links for wireless infrared and optical local 

area networks (LANs) is driving new innovations in the design of optical transceivers. This 

thesis is concerned with a systematic approach to the design of receivers for indoor optical 

wireless communication. In particular, it is concerned with how to offer bandwidth 

adjustment capability in a receiver according to the dynamic service quality of the 

incoming signals. Another part of the discussion of the thesis is how one can properly 

choose the front-end preamplifier and biasing circuitry for the photodetector. Also, 

comparison is made between different types of amplifier, and the methods of bandwidth 

enhancement. 

The designs of six different techniques of integrating transimpedance amplifiers, with 

photodetectors to adapt an adjustable bandwidth control receiver are discussed. The 

proposed topologies provide an adjustable range of bandwidths for different frequency 

ranges, typically between 52Hz to 115MHz. The composite technique designs were used to 

incorporate into a system with an automatic gain control to study its effect, on an optical 

wireless receiver which had bandwidth adjustment and automatic gain adjustment. 

Theoretical analysis of noise performance for all the designed circuits is also presented. The 

theory and design of obstacles of indoor optical wireless receiver delivery, in addition to 

techniques for mitigating these effects, are discussed. This shows that infrared is a viable 

alternative to radio for certain applications. 
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Chapter 1 

Introduction 

1.1 Overview 

1.2 Wireless Infrared Medium - Advantages and Drawbacks 

1.3 Recent Wireless Infrared Communication Systems 

1.3.1 Indoor Application 

1.3.2 Outdoor Application 

1.4 Optical wireless link design 

1.5 Motivation 

1.6 Organisation of the Thesis 

References 

1.1 Overview 

Trends in the telecommunications and computer industries suggest that the network of the 

future will consist of a high capacity backbone network with short range communication 

links providing network access to portable communicators and portable computers. In this 

vision of the future, mobile users will have access to similar grade high-speed network 

services available to wired terminals. For this purpose, some parts of communication links 
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need to be constructed wirelessly. This situation is illustrated in Fig. 1.1. During the last 

decade, therefore, wireless communication technology, such as optical local area networks 

(LANs) and wireless infrared (IR) communication systems has grown rapidly [1.1 - 1.5]. 

Optical LANs use fibre as the physical transmission medium for networks serving 

resources within a small geographic area, while wireless IR uses free space as a 

communication channel for short-range, localised networks. Optical wireless 

communications is becoming one of the cornerstones of today's revolution in information 

technology because of its benefits of high speed transmission and isolation from 

electromagnetic interference. With the drive towards portable and multimedia 

communications, we are faced with the challenge of bringing the capacity of our 

communications infrastructure directly to the user, providing seamless access to large 

quantities of information anywhere and at any time. To accomplish this however, will 

require mid-range or short-range wireless communication links with extremely high 

capacity. In an extreme case, for example, uncompressed high-definition video can require 

a data rate of in excess of 100 Mbit/s. 

-o LI 
I 

ckbon 
etwork 

__ /: 
In Home 

t9 60 

In Office 
BIZ 

111J1. 

4 
l! E11" Wireless access networks 

Figure 1.1 Wired backbone and wireless access network [ 1.1 ] 
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Light offers great advantages as a medium of communication. It enjoys unequalled channel 

bandwidth and is capable of data rates in the terabits per second range, whether traveling 

through free space or through optical fibre. This tremendous capacity is due to the nature of 

the photons that constitute an optical signal. Unlike electrons, photons react weakly to their 

environment and to one another as such optical signals neither generate nor are sensitive to 

electromagnetic interference (EMI), parasitic coupling and other problems faced by 

electrical signals [1.6]. In comparison, from IR to radio frequencies, the technology suffers 

from electro-magnetic interference (EMI) problems as the radio spectrum gets increasingly 

crowded. Now that personal communications and wireless computer networks are evolving 

rapidly, the available spectrum is considered to be a scarce resource. Simultaneously, there 

is an increase in the interference level caused by switched node power supplies and other 

high-frequency equipment. Particularly in hospitals and industrial environments, the 

applicability of radio systems is already seriously limited by these problems. Extensive 

frequency allocation regulations can only partly solve them. Eventually although EMI 

aspects will become an integral part of every system design, future applications require the 

exploration of new wavelength ranges. 

Given their advantages, which will be discussed in detail in section 1.2, optical links are 

rapidly expanding into application areas beyond traditional fibre-optic links [1.7]. 

Basically, there are three different sample applications of so-called "carrier" applications 

that are concerned with transporting information across the greatest possible distance, 

namely free-space intersatellite links [1.8 - 1.10], fibre-to-the-home (FTTH) [1.11-1.12] 
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and terrestrial free-space links for inter-building communications [1.13]. Current optical 

LANs, represented by the Gigabit Ethernet and ATM-PON network specifications, can be 

used to realise high data rate systems that find their application in parallel processing 

environments, newspaper and magazine production, and medical imaging networks [1.14]. 

The immunity of fibre optic LANs to electromagnetic radiation makes this technology an 

attractive choice for implementation in sensitive environments, such as in aircraft and 

vehicles [1.15-1.16]. Furthermore, broadband requirements to connect central office 

locations to customer premises benefit from the high bandwidths made feasible through the 

use of FTTH technology. Today, the limiting factor in the deployment of advanced optical 

LANs is the prohibitive cost of the transmitter and receiver [1.17]. However, novel 

integrated circuit design techniques are helping drive down the cost of implementation, in 

order for these LAN solutions to become more common. Finally, so called "optical wireless 

links" provide a communications solution for portable applications [1.18]. In particular, 

short range "point-and-shoot" systems in accordance with the infrared Data Association 

(IrDA) standard provide a simple solution for transferring information to and from portable 

devices, offering high data rates at low cost and with a small form factor that is not prone to 

mechanical wear [ 1.19] . 

The success of such short range systems is particularly showing how optical 

communication systems are likely to proliferate in the future, where IrDA wireless links 

have overshadowed both the Universal Serial Bus (USB) and IEEE 1394 FireWire to 

become the leading serial port alternative for connectivity [1.20]. A new technology has 

been proposed for indoor, short range wireless communication, called IrGate. IrGate core 
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technology is based on a method of diffused-infrared (DIR) communication links, 

performing at high bit rates reaching up to 10Mbps [ 1.21 ]. IrDA is also extending its IR- 

PHY standard to 16Mbps, a new high speed extension called Very Fast IR (VFIR). VFIR is 

designed as an extension to the current 4Mbps FIR, where the much higher throughput 

enables wider applications beyond the current perception of a "wire replacement" [1.22]. 

Figure 1.2 and Figure 1.3 show the main features of the IrDA standards and the IR 

transmission speed, time and coverage area of the current implementations. 
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Figure 1.2 The main features of IrDA [1.23] 
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Figure 1.3 Infrared transmission speed, time and coverage area [1.23] 
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1.2 Wireless Infrared Medium - Advantages and Drawbacks 

The infrared data association (IrDA) was established in 1993 as a collaboration between 

major industrial organisations in order to establish an open standard for infrared (IR) data 

communication [1.20] [1.24-1.28]. The resulting IrDA protocol aimed to provide a simple, 

low-cost, reliable means of IR communication between devices such as portable computers, 

desktop computers, printers, other peripherals and LANs using directed point-to-point 

connectivity. Figure 1.4 illustrates an example image of an IrDA link with which PC 

peripherals are connected to a PC. IrDA links can currently provide a baud rate up to 115.2 

kbit/s, or 16 Mbit/s with a high-speed extension, using half-duplex point-to-point 

connectivity. The IrDA protocol stack is also shown in Figure. 1.4. The IrDA protocol 

stack consists of three mandatory layers: the physical (IrPHY) layer, the IrLAP layer, and 

the IrDA Link Management Protocol (IrLMP) layer. 

Apph abons 
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)l i 

PC IrDA link printer 
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IrO. A link Access Protocol iIrLAP: 

IWPHY to 
24CO 10 115 .2 CQ Us 

rPHY 1.1 
1.1523(1n4Mts 

Figure 1.4 An example of an IrDA link and the IrDA protocol stack [1.20] 
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Therefore, one of the prime motivators for considering the use of an optical carrier in the 

wireless context is the demand for greater transmission bandwidths. As previously 

discussed, the radio frequency spectrum has already exceedingly become congested and 

frequency allocations of sufficient bandwidths are extremely hard to obtain [1.291. As a 

medium for short-range wireless communication, IR radiation has several advantages over 

radio. The primary advantage is an abundance of unregulated bandwidth, with a range of 

more than 130THz. In addition, being similar in wavelength, part of the infrared spectrum 

shares many of the features of visible light; in particular, infrared radiation does not pass 

through walls or other opaque barriers, so that an infrared signal is confined to the room in 

which it originates. More importantly, it allows neighbouring rooms to use independent 

infrared links without interference. Furthermore, infrared links using intensity modulation 

and direct detection receivers do not suffer from multipath fading [1.30]. 

Nevertheless, IR does have some drawbacks as well, offering a limited range because the 

noise from ambient light is high, as shown in Figure 1.5 [1.30]. Also, the square-law nature 

of a direct-detection receiver doubles the effective path loss in dB when compared to a 

linear detector. Moreover, strict power limitations, due to eye and skin safety 

considerations, restrict the transmitter output power. IR is also susceptible to blocking, 

either from objects or personnel, resulting in loss of the communication link. The 

differences between radio and IR are summarised in Table 1. 
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Ambient Light Noises and Silicon Photodiode Responsivity 
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Figure 1.5 Ambient Light Noises and Silicon Photodiode Responsivity [1.30] 

Table 1 Properties of Infrared and Radio Channels [1.30] 

Property Infrared Radio 

Multipath Fading No Yes 

Multipath Dispersion Yes Yes 

Source of Bandwidth 

Limitation 

High Photodiode 

capacitance, Multipath 

dispersion 

Regulatory 

Source of Dominant Noise Ambient background light Interference from other 

users 

Security High Low 

Range Low High 

Input X(t) Represents Power Amplitude 

Path Loss High High 
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Thus, it is likely that wireless IR technology will be successful in a range of applications, 

where the benefits outweigh the drawbacks, and it demonstrates clear advantages over 

competing technology such as radio or wired systems. It is important that the wireless 

designer or researcher develops a user model appropriate to the envisaged application 

scenano. 

1.3 Recent Wireless Infrared Communication Systems 

In the 1990s, practical applications using optical wireless communication were realised, 

and some products and their standards were completed. Optical wireless systems are 

classified into two categories, depending on where the system is utilised. In this section, 

these applications will be introduced, from this point of view. 

1.3.1 Indoor Application 

There is a growing interest in indoor wireless networks as a consequence of the large-scale 

utilisation of personal computers and mobile communicators. In this application, an optical 

wireless communication system is a candidate for the medium of wireless networks. IR is 

preferred as the wavelength in these applications. A large total transmission bandwidth is 

possible, facilitating fast transmission systems due to the very high frequency involved in 

the optical carrier. Moreover, because of the short wavelength, optical radiation is confined 
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within a room. S1111'ýý the radiation is either reflected or absorbed by the walls, as shown 

Figure 1.6 [ 1.: 1 ]. Thcrctorc, cell planning in networks is simple. 

diffuse link 

PC, 

e minz 1 

Figure 1.6 Example of an IEEE 802.11 network with infrared transmission [ 1.31 ] 

1.3.2 Outdoor Application 

There are many situations where an optical fibre is not always suitable for a fixed link, 

examples including temporary links, rapid deployment requirements and extremely cost 

sensitive links, such as those from the kerb to the house. The cost problem in the links, such 

as those from the kerb to the house, is called the "last one mile problem, ". Radio and 

microwave links currently solve some of these issues, however such systems are not 

without some serious drawbacks, notably a high cost, large physical size, the need for 

regulatory approval and spectrum allocation, and the low bandwidth available. Optical 

wireless systems can be utilised in these situations, as a viable alternative to RF. 

Over shorter distance, less than 500 in, permanent systems with very high availabilities can 

be designed. Moreover, the intrinsically low cost of near IR components, which couple into 
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free space, can be exploited to produce a lower cost alternative to fibre for some fixed 

applications, such as broadband signals. An example of an information-offering system 

using LED traffic lights has been proposed in Japan via optical beam networking [1.32- 

1.34]. This system utilises a traffic light consisting of LEDs, which can offer traffic 

information to drivers. The concept of this system is shown in Figure 1.7. This information 

contains real-time information such as a traffic jam, a traffic restriction, an accident and a 

parking lot, or local information such as an event and stay information. These systems offer 

information to moving objects, such as cars and other vehicles. Therefore, an optical 

wireless communication system is suitable as an access network. Moreover, the required 

optical devices can be made cheaply when manufactured in large quantities when used for 

an optical wireless communication system. 

ßwI-Iine Ir-311i= in(rrmaticn 
such as a hall, c jam, a Iralfr_ rrsi iclion. 
an, icIe l ctWruction and a parläng Id... 
Local inkmnihon %w-his an rent ., rºi a s-krti" iriremAicii 

\ýýý% 

O 

Figure 1.7 System image of a traffic information offering system using Infrared traffic 

light [1.32] 
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1.4 Optical Wireless Link Design 

Figure 1.8 shows the basic elements of a wireless optical link. On the transmit side, an 

information source produces a data stream that is encoded and sent to the appropri ate drive 

circuitry used to modulate the optical signal, generated by either a light emitting diode 

(LED) or a laser. The signal propagates through free space, or through a waveguide such as 

an optical fibre, until it reaches the photodetector at the receiver end. The photodetector 

converts the optical signal into an electric current that is sensed by the preamplifier and 

regenerated to a sufficiently strong voltage signal, from which the original data can be 

recovered by the demodulator and sent downstream for further processing. 

LED or PIiotodeter: tor 
Laser 

Optical channel 

Information Modulator Ari`''e Preamplifier Demodulator Recovered 
Source Circuitry Information 
1111 

Transmitter Receiver 

Figure 1.8 Block diagram of a typical optical wireless link. 

Varying link lengths are driving new innovations in the design of transmitter and receiver 

technology for optical communication systems. In wireless LAN technologies, some end 

users may be located a short distance away from each other, while others could be on a 

different floor or in another building. IrDA has established standards for wireless links that 
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specify that receivers must resolve signals transmitted over link distances that can vary 

between zero and one metre. Since photocurrent amplitude is directly proportional to 

received signal intensity, this range of channel distances translates to a preamplifier signal 

current that can vary through five orders of magnitude [1.35]. Furthermore, as inexpensive 

optical links become widespread, the low cost and high potential for integrated circuit 

technology has made it an advantageous choice for realising receivers. For the preamplifier 

in particular, transimpedance amplifiers have become popular for realising bandwidth 

enhancement and amplification. 

1.5 Motivation 

Despite the disadvantage, outlined above the expansion of optical communications into new 

applications has created exciting opportunities for research and innovation in wireless 

optical receivers. While the growth of fibre-optic networks in the last few decades has 

refined understanding of optical receivers, its primary focus has been on speed and 

sensitivity. Due to the expansion of wireless optical communications come new 

requirements for receiver designs. 

Probably the most widespread trend has been that referred to, is increased system 

integration, and the drive to reduce system components, cost and size. Traditionally, optical 

receivers have not been subject to many system level constraints, since optical receivers for 

long-haul fibre-optic networks are principally designed for performance, rather than down 

13 



to a cost. As such, they have typically used advanced high-speed semiconductor 

technologies, such as GaAs and Si bipolar processes [1.35]. Increasingly, new optical 

receiver designs are being implemented in low-cost, high-integration circuit technologies 

such as composite or hybrid combination [1.36]. However, the desire to implement these 

techniques implies a need to design receivers that keep pace with developments in 

advanced technology. An emerging trend in optical receivers is the desire for greater 

dynamic range, where this is defined as a measure of the variation in signal strength that 

can be tolerated by the receiver whilst still meeting performance requirements, such as the 

bit error rate. The minimum signal is determined by the receiver's noise, whilst the 

maximum signal is determined by the overload or saturation point of the receiver. 

Traditionally, receivers for long-haul fibre-optic networks have not required as wide a 

dynamic range because the received signal levels have been optimised to be small so as to 

maximise link distance and to minimise the need for repeaters. With many of the new 

applications, more flexibility is required, and the link distance plus associated path losses, 

are less stringently controlled. In such cases, the receiver must compensate by having an 

increased dynamic range. If the requirement is modest, the increase can be achieved 

through additional bandwidth or gain control stages at the front end of the receiver. 

However, if the required increase is great, additional steps must be taken at the preamplifier 

stage. For instance, current IrDA standards for optical wireless systems allow a variable 

link distance from 0 cm up to 100 cm. Over this distance, the irradiance may, vary over 

fiver orders of magnitude, 500 mW/cm2 down to 4µW/cm2 [1.20]. 
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For many applications, optical wireless is operated in the presence of intense infrared and 

visible background illumination. While received background light can be minimised by 

optical filtering, it stills add shot noise, which is usually the limiting noise source in a well- 

designed receiver. Due to its high intensity, this shot noise can be modeled as additive, 

white, Gaussian, and independent of the required transmitted signal. When little or no 

ambient light is present, the dominant noise source is receiver pre-amplifier noise, which is 

also signal independent and Gaussian. Figure 1.9 shows a model link of a direct detection 

optical wireless channel using an intensity modulation technique. 

Optical Power 
X(t) Channel impulse 

response 
Rh(t) 

Photocurrent 

Y(t) -41 

Signal- 
Independent 

Noise N(t) 

Figure 1.9 Modeling a link as a baseband filter and time-invariant system having an 

impulse response h(t), with signal-independent, additive noise N(t). The photodetector has 

responsivity R. [ 1.3 0] 

The performance of a wireless optical link at bit rate is related to the received electrical 

signal-to-noise ratio (SNR). Achieving a high electrical SNR is the biggest problem facing 

the designer of such a link. This is due to the directional nature of both the signal and the 

noise, meaning that the SNR at the receiver can vary significantly. These imply that 
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wireless network environment required an adaptable system, in order to provide a better 

dynamic quality of service (QoS). The dynamic QoS approach centres on the notion of 

providing QoS support at some point within a frequency range requested by the user or 

depends on the signal being transmitted. To utilise dynamic QoS, the receiver system must 

be capable of adapting to the level of signal provided by the network, which may vary 

during the course of transmission. 

In summary, due to the advances in wireless communication, new receiver requirements are 

needed, namely wide dynamic range, and an adaptable receiver system with automatic 

bandwidth and gain control. One application in particular, IR wireless communications, 

pushes these requirements to their extreme, motivating the investigation of how these new 

requirements can be addressed at the receiver preamplifier stage. 

1.6 Organisation of the Thesis 

This thesis constitutes an extended study of receiver preamplifier circuits designed to 

address the emerging requirements placed on IR optical wireless receivers. The primary 

focus will be on the IR optical wireless application where these requirements are most 

clearly needed. In general, IR optical wireless receivers have more modest bandwidths than 

fibre-optic receivers. This is because: (i) infrared optical wireless is a low cost application 

and (ii) the large path losses that are incurred through free-space transmission require the 

use of large LED's and photodiodes that are innately slow. Such devices typically have 
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active areas on the order of a few square millimeters. Current industry standards support 

data rates of 16Mb/s, but higher rates of 64Mb/s and above are being investigated. 

In this thesis, the objectives are to optimise the optical wireless receiver concept using 

adaptable bandwidth adjustment control methods. This technique allows low noise 

photodetection and amplification to achieve better service quality. The following are the 

main contributions of the thesis : 

" Six different technique circuit configurations of variable bandwidth 

transimpedance amplifier as shows in Table 2. 

Table 2: Receivers designed 

Technique Bandwidth BW Effective Gain 
Range Adjustment component 

Transimpedance 700kHz - 3.8MHz Transistor (FET 80dB 
amplifier with FET 4.5MHz & BJT) 

voltage control 
Bootstrap 52Hz - 232MHz Transistor 48dB 

Transimpedance 233MHz (BJT) 
amplifier with adjustable 

capacitor 
Transimpedance 4.7MHz - 24MHz Transistor 27dB 

amplifier with external 28.7MHz (BJT) 
voltage control 

Composite voltage and 18MHz - 57MHz Integrated 50dB 
current feedback 75MHz circuit 

amplifier 
Composite Bootstrap 9.5MHz - 94.5MHz Transistor & 12dB 

Transimpedance 104MHz Integrated 
amplifier with voltage circuit 

feedback amplifier 
Composite Dual 285kHz - 115MHz Transistor & 15dB 

feedback loop amplifier 115MHz Integrated 
with voltage feedback circuit 

amplifier 
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9 Three different technique circuit configurations with variable bandwidth (Table 2) 

incorporate a variable-gain transimpedance amplifier circuit. 

9A signal-to noise (SNR) measurement module, which is responsible for the 

calculation of the SNR at the front end input. The output of the SNR measurement 

module controls the automatic bandwidth amplifier circuit. 

This chapter has introduced an overview of optical wireless communication systems and 

described the motivations of this research. 

Chapter 2 provides the basic background needed for the rest of the thesis. Included are an 

overview of photodetectors and receiver preamplifiers, and a review of previously reported 

solutions to the new design requirements. 

Chapter 3 describes the new receiver preamplifier structures for enhanced dynamic range 

using passive transimpedance amplifier components. A technique is proposed using a 

controllable capacitor at the output of a two stage bootstrapped transimpedance amplifier. 

Another method using the FET as the control filter has also been studied. The challenge of 

circuit design using passive components is highlighted, to motivate a better solution for 

circuit design in Chapter 4. 

Chapter 4 describes the new receiver preamplifier structures for enhanced dynamic range 

using active transimpedance amplifier components. A technique is proposed called the 

composite amplifier by combining an automatic bandwidth transimpedance amplifier with 

an automatic gain transimpedance amplifier. 
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Chapter 5 presents the outcome frequency response when the circuits in Chapter 4 are 

integrated with an automatic gain control (AGC). This chapter also discusses an overview 

basic theory of an automatic gain control (AGC). 

Chapter 6 discusses the signal-to-noise ratio considerations of the receiver, which is vital in 

the design, and optimisation of the low noise transimpedance amplifier in Chapter 4. This 

chapter also discusses the design method of the SNR module, which is the feedback control 

system for the automatic bandwidth unit. 

Chapter 7 presents the implementation details and experimental results using integrated 

circuits that were used to verify the proposed preamplifier designs. 

Finally, in Chapter 8, the thesis is summarised and directions for future work are discussed. 
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Chapter 2 

Background and Related Work 

2.1 Photodetector 

2.2 Receiver Preamplifier Structures 

2.2.1 High impedance amplifier 

2.2.2 Transimpedance amplifier 

2.3 Transimpedance Amplifier Design Requirements 

2.3.1 Wide dynamic range 

2.3.2 Bandwidth enhancement 

2.3.3 Noise reduction 

2.4 Voltage feedback amplifier versus Current feedback amplifier 

2.5 Definition of dynamic service quality 

2.6 Summary 

References 

This chapter provides the literature review and basic foundation needed for the thesis. It 

begins with an overview of photodetectors, types of receiver preamplifiers and the 

definition of dynamic service quality. It then discusses the receiver design requirements and 

reviews previously reported solutions and techniques. 
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The development of fibre-optic communications can be traced back to the 1970's. Since 

that time, an extensive body of literature has developed for optical receivers and 

photodetectors for fibre-optic applications that can provide the interested reader with a 

more comprehensive treatment of these subjects [2.1-2.4]. In addition, there are two 

excellent references that deal specifically with optical wireless systems, their 

optoelectronics, and other design issues at the circuits and system level [2.5,2.6]. 

2.1 Photodetector 

Photodetectors are semiconductor junctions that convert the photon energy of light into an 

electrical signal by releasing and accelerating charge carriers, ultimately to produce a 

baseband voltage for regeneration [2.7]. There are various types of photodetector such as 

photovoltaic cells, photodiodes, and phototransistors. For high-speed optical 

communications, photodiodes are preferred, given their superior frequency response. 

Photodiodes are usually operated under reverse-bias conditions. In order to appreciate its 

performance in practical optical wireless systems, we have to characterise the photodiode 

from two points of view : the physical viewpoint and the circuit viewpoint. 

The physical viewpoint 

The presence of incident optical power, entering a semiconductor device produces thermal 

agitation that releases holes-electron pairs generated at various points within the diode, as 

illustrated in Figure 2.1 [2.8]. These carriers drift toward opposite ends of the device under 
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the influence of the applied field. When a carrier passes through the high-field region, it 

may gain sufficient energy to generate one or more new pairs of holes and electrons 

through collision ionisation. These new pairs will, in turn, generate additional pairs by the 

same mechanism. Carriers accumulate at opposite ends of the diode, thereby reducing the 

potential across the device until they are removed by the biasing and other circuitry in 

parallel with the diode, as shown in Figure 2.2. The chances that a carrier will generate a 

new pair when passing through the high-field region depends upon the type of carrier, the 

material from which the diode is constructed, and the voltage across the device. The depth 

and extent of the junction determines the location of the depletion region and the light 

wavelengths that produce an efficient response. For a given photodiode and a given 

wavelength, photodiode responsivity expresses the resulting efficiency through [2.8]: 

Ip=ROe 

where R is the diode's flux responsivity and 0e is the radiant flux received energy in watts 

P ý, OO 
Junction 

-- -- -- ----- --- -- -- ------ 
- ------------- ------ 

- __- -'__-'-' _- -------- ------ 

------------------------ ------------- 

"_ _____________"__-"-_--- _ - ----------------------- ------------- ------ ----------------------- ------------- ------ 
_'-__ __ _--_'___- --- Depletion 

--- - ------- ------ Region 

----------------- --------------------- ----------- ------- 
--------------------- ----------- -------- 

-_ "_ -"- - -- -- ----- --- -"- _-- -__- _'_ __-_--- 
------------------------------- 

N 

Figure 2.1 Photodetector [2.8] 
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The circuit viewpoint 

From the discussion above and more detailed investigation, modeling the characteristics of 

the photodiode with discrete circuit components permits analysis of application circuits. 

Therefore, referring to the circuit design standpoint, however, we can suitably model the 

photodiode's electrical behaviour may be evaluated using the small-signal equivalent 

circuit model that consists of an ideal diode, a current source and parasitic elements shown 

in Figure 2.2. 

1 
Ip 

Figure 2.2 Small-signal equivalent circuit model of photodiode 

Cd is the junction capacitance of the diode across which a voltage accumulates when 

charges produced within the device separate under the influence of the bias field. The 

current generator, ip(t), represents the production of charges by optical and thermal 

generation and collision ionisation in the diode high-field region. Resistance RD represents 

the diode's dark resistance, which is the resistance of the zero-biased diode junction in the 

observed light. In order to use the photodiode efficiently a circuit must be designed which 

will respond to the current ip(t) with as little distortion and added noise as possible. In order 

to derive information from the circuit responding to ip(t), the statistical relationship between 

ip(t) (the equivalent current generator) and the incident optical power p(t) must be 

understood [2.7-2.8]. 
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The sensitivity of the photodetector is a function of the wavelength, and so in order to 

maximise the power efficiency, the emission wavelength of the optical source should be 

spectrally matched to that of the photodiode. Silicon photodiodes, which are commonly 

used in low-cost applications, have a peak spectral efficiency in the near infrared region. 

Figure 2.3 shows the normalised spectral sensitivity of a typical silicon photodiode (SFH 

206K), and shows how it is spectrally matched between the 780nm and 830nm wavelength 

of the near infrared region [2.9]. 
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Figure 2.3 Relative spectral sensitivity of (SFH 206K) silicon photodiode [2.9] 

There is a linear relationship between the photocurrent, Ip , and the irradiance, Ee, which is 

a measure of the intensity of the incident light, and is given in W/m2. The photocurrent is 

calculated by [2.8] 
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Ip = 
ýq A ffEe = ROe 
hu 

where il is the quantum efficiency of device (typically in the range of 0.6 to 0.9), q is a unit 

electron charge ( C), h is Planck's constant, u is the frequency of the light, and Aeff is the 

effective area of the photodiode, accounting for the effect of the lens. The collective term, 

R= qq 
, 
is commonly known as the responsivity of the device, and is in units of A/W. The 

hu 

product, Qe, is the received optical power in Watts. For example, the S5973 photodiode is 

rated to provide of photocurrent per 0.6µW / cm2 irradiance at 830 nm. The current source, 

1 2� 
, models the shot noise generated by the dc current which includes the photodiode's 

intrinsic dark-current as well as the photocurrent due to background light. The noise has a 

white spectrum with a normalised noise power density given by [2.8] 

1 2�(f) = 2gIS A2 / Hz (2.1) 

where IS is the dc component of Ip. 

Since the photodiode is operating under reverse-bias conditions, the behaviour is dominated 

by the depletion capacitance across the p-n junction. As a result, it is greatly dependent on 

the applied bias voltage, as illustrated in Figure 2.4 for the SFH 206K, BPV22NF and 

S5971 silicon photodiodes. This characteristic is particularly significant when designing 

low-voltage receivers, where the maximum reverse bias that can be applied to the 

photodiode is severely limited. 
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Diode Capacitance versus Reverse bias voltage 

80 

70 

60 

50 

c 

40 

30 

20 

10 

0- 
0.1 2468 10 12 

Reverse bias voltage (V) 

- SFH 206K 
BPV22NF 
S5971 

14 16 18 20 

Figure 2.4 Photodiode capacitance versus Reverse bias voltage 

Photodiode Variations 

Two variations of the basic photodiode improve the diode's response. Physical study shows 

that PIN photodiodes increase the spectral bandwidth or range of optical frequencies that 

produce an efficient photo response. Avalanche photodiodes increase the magnitude of the 

output current and the response speed by permitting diode bias at the verge of breakdown. 

For applications of interest, PIN photodiode is preferable in optical wireless communication 

systems. 
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Noise Contributions 

For a typical photodiode amplifier, the current to voltage converter exhibits a complex 

noise behavior. The major sources of noise in front ends are listed in Table 2.1, where eN 

and IN are rms values of random fluctuations [2.10]. The analysis of this issue will be 

discussed in detail in Chapter 6. 

Table 2.1 Noise in Front Ends [2.10] 

Source Type Formula Dominates When : 

Photocurrent Shot noise iNSHOT = (2eId) 112 Bright ambient light, large load resistor 

Load resistor Johnson noise INt, = (4kT/R) 1/2 Dim ambient light, small R 

Amplifier Input current noise 4kT Ideally, never 
1N = 

R Where R is noiseless 

Input voltage noise e - 4kTR Dim ambient light, large RC or a fast 
N 

noisy amp 

2.2 RECEIVER PREAMPLIFIER STRUCTURES 

The receiver preamplifier performs the critical function of interfacing the photodiode to the 

rest of the receiver. Typically, the preamplifier converts the received photocurrent into a 

voltage signal. The preamplifier plays a crucial role in determining many aspects of the 

overall performance of the receiver including speed, sensitivity, and dynamic range. 
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Receiver preamplifiers are typically classified in categories as either a termination resistor 

(High-impedance and low-impedance) amplifier or a transimpedance amplifier. 

2.2.1 High impedance amplifier 

In the first approach, the photodiode is attached to a load resistor, RL as shown in Figure 

2.5. For a low-impedance receiver [2.5], RL is chosen to be small (typically 50SZ), so that 

the receiver bandwidth 1 
is sufficient for the signal bandwidth. A high-impedance (2ITRLCT) 

receiver [2.4] [2.11-2.12] uses the same configuration but with a large RL, thus diminishing 

the effects of its thermal noise. However, the receiver bandwidth 
1 

is then usually (2I-cRLCT) 

smaller than the signal bandwidth, requiring an equalization stage in the form of high-pass 

filtering immediately following the preamplifier as shown in Figure 2.6. This is necessary 

to achieve the required bandwidth, because the detector output is effectively integrated due 

to the large time constant, and must be restored by differentiation [2.12]. Therefore, the 

high impedance front end gives a better improvement in sensitivity over the low impedance 

front end design but eventually creates a heavy demand for equalisation, and the equaliser 

reduces the overall dynamic range of the receiver [2.7]. The limited dynamic range is 

because of the attenuation from the low frequency signal components by the equalization 

process which causes the amplifier to saturate at high signal levels. If the amplifier is 

saturated before equalisation has occurred, the signal will be heavily distorted, thus 
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reducing the dynamic range, which is dependent upon the amount of integration and 

subsequent equalisation employed. 
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Ut 

Figure 2.5 Receiver preamplifier based on a termination resistor 
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Figure 2.6 High impedance amplifier with equalisation [2.4] 
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The current signal, ip , 
is converted into a voltage by the load resistor, and the resulting 

voltage signal is buffered by the voltage amplifier. CT represents the total capacitance 

associated with the photodiode and the amplifier. The choice of the load resistance affects 

both the frequency response and the noise performance of the preamplifier. The intrinsic 

bandwidth of the preamplifier is equal to 
1 

because of the RC network. The noise (2 
%ZRL/'ý IST 

) ) 

can be analysed using the small-signal noise model shown in Figure 2.7. Here, the thermal 

noise of the load resistor is modeled by current source 1 2�RI with a normalised power of 

I2 nR1 ffl = 
4kT 

A2 / Hz (2.2) 
RL 

where k is Boltzmann's constant and T is the absolute temperature in Kelvin. The noise of 

the voltage amplifier is modeled by current source I2,,, and the voltage source V2,,. As the 

desired signal is in the form of a current, the signal can be directly compared to the noise 

currents that are injected into the same node. It is easy to show that the noise contribution 

due to V�2 is independent of RL when the input impedance of the voltage amplifier is very 

large. Since the noise current of I2n is also independent of RL, the only way to minimise the 

total noise is by reducing 1 2�Rl through maximising RL. 

34 



Vs V2 

ip 

Figure 2.7 

2.2.2 Transimpedance amplifier 

resistor 

Receiver preamplifiers based on the transimpedance amplifier are currently the most 

popular because they avoid the dynamic range problem associated with high-impedance 

designs, and because they provide a good compromise between the wide bandwidth of the 

low-impedance design and the low noise characteristics of the high-impedance design 

[2.12]. Given a detector (Figure 2.2) whose output is a current, the easiest way to form a 

voltage from it is to have a load resistor (RL). The output full swing appears across the 

detector capacitance CD, and rolls off starting at fRc =1. The signal voltage [2.10] 
2%rRLCD 

vo(f) = 
Zp(f)RL 

1+j 27rRL CD f 

Reducing RL will reduce the RC product and speed up the system, while increasing RL 

increases the bandwidth and dynamic range of the system. Another key idea is to reduce the 

CT RL 

1111 
1 

nRL TT 
I2n 

-I Vout 

Small-signal noise model of the optical preamplifier based on a termination 
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swing across CD, by making the detector work into a virtual ground using a transimpedance 

amplifier as shown in Figure 2.8. The inverting input of amplifier draws no current, 

feedback forces the voltage there to be close to zero at all times. The amplifier senses the 

voltage across CD and adjusts the voltage at the other end of RF to zero it out. Provided that 

the amplifier has high loop gain A, the swing across CD is greatly reduced and the 

bandwidth is greatly improved. Nevertheless, the amplifier input adds a significant amount 

of its own capacitance, C;,,. In a transimpedance amplifier, a resistor Rf as shunt feedback is 

placed across the gain stage of an inverting amplifier, as shown in Figure 2.8. Here, the 

resistor can be made large because the negative feedback reduces the effective resistance 

seen by the photodiode by a factor of (1 + A) where A is the open-loop voltage gain of the 

amplifier. As a result, the bandwidth can be matched to that of the signal, eliminating the 

need for equalisation. In addition, the thermal noise contribution of the feedback resistor is 

minimised. For a typical transimpedance topology using active devices with load feedback 

resistance Rf , the transimpedance gain AZ can be approximated by : 

A- vout 
=- 

Rf 
(2.3) 

Z ip 
+ jw 

Rf (CD + C; 
n 
) 

l 
A 

where A is the open loop voltage gain of the amplifier and c) is the angular frequency. 

so that for large open-loop gains, the transimpedance is simply equal to - Rf. Another factor 

which serves to reduce the amplifier bandwidth is the capacitance that is associated with the 

feedback resistor Rf, denote as capacitance Cf. Taking Cf into account the transfer function 

(2.3) becomes : 
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AN vout Rf 
(2.4) 

ZiR (Co + C; 
n 
) 

n i+ýw f +C 
A f 

The transimpedance rolls off dependent on the magnitude of the impedance of the feedback 

elements. Therefore, the transimpedance amplifier bandwidth is determined from the 

following equation [2.10] : 

f3dB -- 
JRC2fT 

(2.5) 

where fr is the unity-gain crossover frequency 

Equation 2.3 shows that the upper 3dB cut-off frequency of the preamplifier is a function of 

the capacitance of the detector, the feedback resistor and the open loop voltage gain. As a 

large detector means a large Cd, to achieve large bandwidths either the value of Rf is 

reduced or A is increased. Unfortunately, increasing A will jeopardise amplifier stability, 

and reducing Rf will increase the thermal noise in the system. 

ip 
'Ut 

CT 

1 
Figure 2.8 Receiver preamplifier based on a transimpedance amplifier 

37 



2.3 TRANSIMPEDANCE AMPLIFIER DESIGN REQUIREMENTS 

Traditionally, the design challenge of fibre-optic preamplifiers has been in optimizing the 

trade-offs between sensitivity, speed, and transimpedance gain. As discussed in the 

previous chapter, new applications of optical communications have introduced additional 

receiver requirements, such as wide dynamic range, bandwidth enhancement and noise 

reduction. This section discusses each of these requirements in greater detail, and reviews 

previously reported solutions. 

2.3.1 Wide Dynamic Range 

A wide dynamic range is essential in order to accommodate variable link distances. Current 

IrDA standards, for instance, require an optical dynamic range of 51 dB in order to support 

a link distances range from zero up to 100cm [2.13]. Although the dynamic range of a 

transimpedance amplifier is greater than that of a high-impedance design, it is still 

insufficient to handle such a wide input range. As illustrated in Figure 2.9, there are five 

principal techniques for extending the dynamic range of the preamplifier: 1) output signal 

limiting, 2) input current steering, 3) variable transimpedance gain, 4) multiple feedback 

impedance transimpedance amplifier control and 5) logarithmic amplifier 
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4 

Figure 2.9 Various methods of increasing dynamic range : 1) output signal limiting, 2) 

input current steering, 3) variable transimpedance gain 4) multiple feedback impedance 

transimpedance amplifier control 

The simplest technique is to limit the output swing as represented by the diode clamp in 

Figure 2.9. While limiting does not affect the lower limit of the dynamic range, it does 

increase the upper limit by allowing the receiver to accept strong signals that would have 

otherwise overloaded the receiver and prevented normal operation. Limiting can be 

performed either within the preamplifier [2.14], or in cases where the dynamic range 

requirements are more modest, externally by following the preamplifier with a limiter 

circuit [2.15-2.16]. The advantage of limiting is that it does not require level detection 

circuitry. However, the process of limiting destroys the amplitude information of the 
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received signal. As such, limiting can only be used with binary signaling schemes. In 

addition, limiting introduces pulse width distortions that result from the uneven gain 

applied to different portions of the pulse. Finally, for applications in which ambient light is 

an issue, limiting removes information that helps separate the ambient light from the 

information signal. 

The second technique, input current steering, also improves the dynamic range by 

increasing the maximum acceptable signal level of the preamplifier. It uses a differential 

pair before the preamplifier to realise an adjustable attenuation of the signal current based 

on the control voltage, V, t1 [2.17-2.18]. The technique is shown conceptually in Figure 2.9. 

In practice, bipolar transistors are much more effective than MOSFETs for implementing 

the differential pair. Bipolar transistors provide much larger transconductances for the same 

bias current, and this is important in two respects. Firstly, the differential pair must present 

a low impedance to the photodiode to ensure that it does not affect the frequency response 

of the overall preamplifier. Secondly, a low impedance is required to help prevent 

fluctuations in the photodiode bias voltage when a signal is present. With bipolar 

transistors, a sufficiently low impedance can be achieved with much less bias current, and 

this reduces the noise introduced by the tail current source, I, The exponential voltage-to- 

current characteristic of bipolar transistors also helps to ensure that the photodiode bias 

voltage remains well regulated across a wide range of signal currents. In summary, the 

practical need for bipolar transistors makes the current steering technique an attractive for 

use in receiver preamplifier designs. 
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The third technique uses a transimpedance amplifier that is capable of variable gain. Recall 

that the feedback resistor, Rf , 
is one of the major sources of noise, and that its noise current 

contribution is inversely proportional to its resistance. Thus, for weak signals, a large Rf is 

desired to both minimise the noise and maximise the output signal. On the other hand, for 

strong signals, a small Rf is desired since the maximum input current is limited to 
v N. 
Rf 

where Vmax is maximum output of the amplifier before distortion. Therefore, by adapting Rf 

according to the signal strength, the dynamic range may be increased without sacrificing 

sensitivity. Unfortunately, variable-gain transimpedance amplifiers are challenging to 

implement because their stability is affected by changes in the feedback resistor. The 

BiCMOS implementation presented in [2.19], and shown in Figure 2.1Oa, requires an 

additional dummy amplifier simply to generate a bias voltage and three additional variable 

resistors to ensure stability. Similarly, the design presented in [2.20] and shown in Figure 

2.1Ob, requires two additional variable resistors. In both designs, the additional variable 

resistors are heuristically fine tuned with no discernible tracking relationship with the main 

feedback resistor, making these circuits both difficult to design, and prone to modeling 

errors. These problems are further complicated for fully-differential implementations, 

where the required number of variable resistors is doubled. The problem with these existing 

designs is their use of the traditional gain stage consisting of a common-emitter amplifier 

followed by an output buffer. The stability of the preamplifier can be greatly enhanced and 

preamplifier circuit significantly simplified by adopting a different topology for the gain 

stage. Although a constant-bandwidth circuit, variable-transimpedance amplifier was 

presented in [2.21 ], experimental results for that work have yet to be reported. 
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Dummy amplifier 

a) [2.191 

ut 

b) [2.20] 

ut 

Figure 2.10 Two existing variable gain transimpedance amplifier designs [2.19-2.20] 

The fourth technique uses a set of parallel NMOS transistors in the feedback path of the 

transimpedance amplifier [2.22]. Different gate voltages control these transistors. A 

common reference value sets these voltages, by simple voltage division achieved by the 

relative relationships of different circuit elements. The NMOS transistors and the voltage 

divider are jointly designed, such that the overall equivalent resistance varies approximately 

in an exponential ratio with the control voltage. Overall, this strategy actually implements 

an easily controlled automatic gain control in the front-end. In summary, this technique 

simply trades gain for bandwidth in a way conceptually similar to stability analysis in 

traditional feedback concepts. 

The final technique for extending the dynamic range of the preamplifier is to use a 

logarithmic amplifier. The logarithmic amplifier basically compresses the amplitude range 

of the signal by using the log characteristic of a PN (diode, transistor) to implement the 

logarithmic function but can also degrade the SNR performance. 
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2.3.2 Bandwidth enhancement 

A fundamental requirement in the design of an optical receiver is the achievement of broad 

bandwidth and high sensitivity, without a large sacrifice of SNR. Since a transimpedance 

amplifier is typically used as the input stage, this preamplifier stage is one of the key 

circuits in the optical link, as it largely sets the sensitivity and maximum bit rate of the 

receiver. Its design results are very critical due to the strong tradeoff between high 

bandwidth, and high sensitivity (low noise) such that a high gain is needed in order to avoid 

degradation of the SNR by the following stage. There are basically five principle 

techniques of bandwidth enhancement for front-end preamplifier designs: 1) Feedback 

techniques, 2) Bootstrapping, 3) Inductor peaking, 4) Capacitor peaking and 5) T network 

feedback configuration. 

Most of the receiver preamplifier designs using transimpedance configuration incorporate a 

feedback resistor [2.4-2.5][2.23-2.24]. Feedback can be either negative (degenerative) or 

positive (regenerative). In a receiver preamplifier using a transimpedance amplifier, 

negative feedback is applied because of its properties, to extend the bandwidth of the 

amplifier. 

However, because of the thermal noise of the feedback resistor, the receiver noise level is 

higher. There is a widespread myth that positive feedback amplifiers should be avoided 

because of their sensitivity to process and environmental variations that may cause them to 
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become unstable [2.25]. This misconception is founded in the fact that amplifiers using 

positive feedback do become unstable if too much positive feedback is applied. However, 

in practice, positive feedback will always be found to be combined with negative feedback 

or another configuration in which their stability is not an issue. Therefore, the benefit of 

using positive feedback is its ability to enhance the DC gain, and achieve higher bandwidth, 

without compromising the settling time, compared to negative feedback which leads to an 

increase in bandwidth but at the expense of gain. 

Teare [2.26] introduced the positive feedback approach in his front-end preamplifier design 

to improve enhancement ability. The circuit is shown in Figure 2.11. 

. 10V 

Vin 

0 

Cisr.: uir mug e. -a d by Terre 

K2 

Figure 2.11 Basic receiver front-end using positive feedback [2.26] 

The source resistor for J2 can be replaced by a current source, which improves the overall 

enhancement ability. Since Cgd2 is very small and is neutralised by a bootstrapping process, 

its effect is negligible. This also applies to Cgs,. The diode capacitance, Cd is bootstrapped 
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too, but since its value could be in terms of picofarads, it must form one of the poles. 

Analysis of the circuit shows that it contains a zero and two poles, from which it is deduced 

that it represents a positive feedback amplifier. Unfortunately, ringing can occur for this 

circuit. 

Fjarlie [2.24] shows that the basic response is that in Figure 2.12 when responsivity or gain 

is traded off for an enhanced bandwidth. Positive feedback is used to compensate for the 

poor frequency performance. Negative feedback would yield a curve similar to the trade-off 

one in the Figure 2.12. In the negative feedback and trade-off cases, the amplifier must 

have lower input noise, since the signal levels are lower due to the poorer responsivity of 

the system, but with positive feedback this is not the case. The ý curve marks the area 

where a better detector could be used to optimise performance. 

RESPONSE 
WITH POSITIVE 
FEEDBACK 

w 
J 
Q 

BASIC 
y.. RESPONSE 

m TRADE-OFF 

% 

1 10 100 1000 
f (Hz) 

Figure 2.12 Response as a function of frequency. The basic system, the feedback system 

and the trade-off cases are shown. [2.24] 
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The second technique known as "bootstrapping" involves a positive feedback loop as 

described above, which causes a point in the circuit to be pulled up as if by its own 

bootstraps [2.27]. This principle is often used in high input impedance amplifiers, wide 

bandwidth designs, and in reducing the effective detector capacitance, CD from the 

photodiode as discussed in section 2.1. 

Figure 2.13 illustrate two types of simple bootstrap configuration. The first circuit 

configuration is the shunt bootstrap circuit by Hoyle [2.28-2.29]. This circuit has an 

additional buffer amplifier in parallel with the main transimpedance amplifier to allow the 

generation of a suitable forcing voltage to keep the ac voltage drop across the input 

capacitance at virtually zero. Frequency response plots show twice the bandwidth of the 

standard transimpedance amplifier. Therefore Hoyle concluded that the bootstrap method 

may provide a viable design option for applications with high gain and requiring a wide 

bandwidth. The second circuit configuration is a bootstrap buffered transimpedance by 

Kristein [2.30], which addresses the diode capacitance in another way. Instead of actually 

lowering the capacitance of the photodiode, it places a buffer (FET amplifier) in parallel 

with the diode. A fast buffer will respond quickly to any voltage change at its input by 

placing the same voltage at its output. The smaller the change in voltage across the diode 

capacitance, the shorter the time required to charge and discharge the capacitor. The result 

is a much faster response. In summary, the bootstrap buffer is an excellent alternative to 

reverse biasing the diode in applications where larger bandwidths and low SNR are 

required, but it requires a low bias current, low noise n-channel J-FET. 

46 



Figure 2.13 Two bootstrap transimpedance method : 1) Shunt bootstrap 2) Buffer 

bootstrap 

The third bootstrapping transimpedance amplifier circuit by Green and McNeill [2.31 ] is 

shown in Figure 2.14. In this circuit, the gain transistor Jl was found not necessary, as Q, 

and Q2 provided the diode current. Q1 itself acted as an emitter follower from the source of 

J2 and Q2 was a current source driven from the course of J3. The diode capacitance was 

bootstrapped by the J1, stage in conjunction with Q1. Increasing RS increased the 

enhancement effect to a value of 2000. An FET buffer J3 drove a bipolar cascade circuit Q3 

and Q4 buffered by Q. Overall feedback was given from the emitter of QS to the gate J1. 

Capacitance Ca was used to reduce the effects of stray capacitance of the feedback resistor. 

This element is critical in the analysis, as it is multiplied in effect by the open loop gain, 

and adds to the input time constant. With two modifications that R4 and C2 were used to 

bootstrap the input to Ji to keep its input impedance high. It was concluded in [2.31 ] that 
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the bootstrap transimpedance amplifier offers the usual advantages of the transimpedance 

amplifier, together with an effective capacitance reduction technique. 

Figure 2.14 Bootstrap transimpedance amplifier [2.31 ] 

Since the inherent parasitic capacitance of devices is usually the cause of bandwidth 

limitation in preamplifier designs, the bootstrapping technique has been used in the 

preamplifier design to reduce the effective detector capacitance seen by the signal, allowing 

for wide bandwidth designs to be achieved [2.32-2.35]. 
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The third technique, known as shunt peaking or inductor peaking, has historically been 

used to introduce a resonant peaking at the output as the amplitude starts to roll off at high 

frequencies. It improves the bandwidth by adding an inductor in series with the output load 

to increase the effective load impedance as the capacitive reactance drops at high 

frequencies. Analui and Hajimiri [2.36] demonstrate the effectiveness of the inductor 

peaking methodology, with a transimpedance amplifier as shown in Figure 2.15. The first 

stage is a shunt-shunt feedback transimpedance stage, which provides a low input 

impedance and reduce the dominant effect of the input pole due to the large photodiode 

junction capacitance, CPD. The additional inductor, L1, at the front-end interacts with C;,, 

and CPD, thus enhancing the bandwidth. The next stage of the amplifier is designed as a 

cascade configuration with intermediate inductors. For a photodiode capacitance of 0.5pF, 

the circuit achieves a 2.4 times larger bandwidth than that achieved using the same circuit 

without the inductors. (VB is the bias voltage, Cl and C2 is the stray capacitance) 

. 

11 
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Rf L2 
C1 - 

L1 C2 
3t3tJ 

AV 

Figure 2.15 Schematic of TIA with parasitic capacitances and inductors [2.36] 
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Orengo et. al [2.37] suggested that the synthesis of the desired frequency response is 

performed by means of an integrated composite front-end amplifier. An inverting 

transimpedance amplifier is followed by a peaking amplifier, buffer, and further peaking 

amplifier, as shown in Figure 2.16. The aim of the peaking buffers is to provide a good 

separation between the two stages, and to introduce a high frequency peaking in the 

frequency response. The peaking buffers are of a source follower configuration, with an 

inductive load in series with the upper FET and a feedforward loop. The inverted signal 

drop on the inductor, ac coupled to the lower FET inverter, feeds forward and adds in phase 

to the signal. The effect of this peaking is to introduce a compensating zero in the 

frequency response. Tuning the inductance value pulls up the gain at the desired frequency 

but the amplitude peaking must be properly controlled to achieve gain flatness and stability. 

This technique based on inductive peaking to improve the high frequency performance 

results in a reduced bandwidth, dependence on the input photodiode parasitic capacitance. 
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Figure 2.16 TIA with peaking buffer [2.37] 
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In summary, the inductor peaking technique does increase the amplifier bandwidth but the 

stray capacitances of the inductor often cause a bandwidth degradation rather than an 

improvement. To overcome this problem, the size of the inductor must be as small as 

possible to reduce the stray capacitance effect. 

The fourth technique proposed by Chien and Chan [2.38], Vadipour[2.39] and 

Hamilton[2.40] to overcome the inductor peaking problem, is known as capacitive peaking 

(C-peaking). Figure 2.17 shows the schematic circuit of this C-peaking transimpedance 

amplifier represented as a shunt-shunt feedback amplifier. Rf is the effective feedback 

resistance, and Cp is the peaking capacitor added to the circuit for bandwidth enhancement. 

vnn 

D Ut 

Figure 2.17 Circuit of C-peaking transimpedance amplifier with and without a peaking 

capacitor. [2.38] 
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According to the design in [2.38], adding Cp to the circuit means that the transfer functions 

of the circuit has an extra pole, which does not affect the input capacitance. If the quality Q 

factor is set more than 0.5 then the bandwidth is broadened due to the cancellation of 

imaginary parts. However, if Q equals 0.707, it results in a maximum in the frequency 

response and a peaking effect occurs. This means that the value of Q can be controlled by 

changing the value of Cp to adjust the bandwidth of the transimpedance amplifier. This 

method shows that the bandwidth of the transimpedance amplifier may be increased 

without sacrificing its low-frequency transimpedance gain. The factor of enhancement is 

around 2.0. 

Yahaya [2.41], presents the effect of capacitive and inductive peaking techniques using 

common-base (CB) and common emitter (CE) preamplifier configurations. The peaking 

capacitor was connected at the output of the feedback resistor in order to create a third pole 

that can be shifted in the direction of the second pole, thus resulting in gain peaking. 

Inductor peaking was placed at the input of the amplifier. The result shows significant 

increase in bandwidth for both circuits. The inductor peaking had the advantage of reducing 

noise at higher frequencies. The CB configuration has the advantage of higher bandwidth 

and lower sensitivity to photodetector capacitance. Therefore CB offers a greater advantage 

by making more efficient use of capacitor and inductor peaking methods, compared to the 

CE configuration. Figure 2.18 shows an example configuration of a common base 

transimpedance preamplifier. Transistor Q1 act as a current buffer, while transistor Q2 and 

Q3 are voltage buffer with transistor Q4 as gain stage. The purpose of Q2, Q3 and Q4 is to 

avoid Ql being saturated and boosting the gain. QB acts as a cascade transistor with Q l. A 

52 



topology based on a transimpedance amplifier using capacitive and inductive peaking has 

also been reported. [2.42] It was shown to be more robust and stable than the CB, CE or CC 

topology. The main drawbacks of this structure are its higher power consumption. 

Vcc 

Ut 

Id 

Figure 2.18 Common base transimpedance preamplifier with regulated cascade [2.41 ] 

The fifth technique is to use a simple "T" network to replace the resistor feedback 

technique, as discussed earlier in the first technique. [2.43] This is due to the fact that 

changing resistor values can cause higher noise due to a higher valued RF and high 

frequency response degradation arising from the parasitic capacitance associated with 

larger RF. Using aT feedback circuit as shown in Figure 2.19, can overcome these 

drawbacks. [2.44] The T network consists of three feedback resistors, RF1, RF2 and RF3 

and a capacitor, CF3. Without the capacitor, CF3 the T network will halve the bandwidth 

response. The RFs are chosen using the following equation : 
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RF = RF1 + RF2 + 
RF1RF2 

(2.6) 
RF3 

Ip 

iut 

C4 

1 

Figure 2.19 Inverting amplifier with T network. [2.44] 

An additional technique is to use an external source to increase or decrease the bandwidth. 

The circuit in Figure 2.20 below by Centurelli, [2.45-2.46] presents a topology for a 

transimpedance amplifier that allows an external control over the bandwidth by applying a 

dc voltage to a high impedance node. The control input sinks a very low current and does 

not require a control voltage outside the supply range. Figure 2.20 shows the topology 

using ED02AH GaAs PHEMT technology for fibre optics communication. The common 

source-common drain cascade given by J1 and J2 with shunt-shunt feedback implements a 

typical transimpedance amplifier (TIA) and transistor JL has been added to obtain a high 

impedance control input which does not interfere with the signal loop. The control voltage, 

VGG allows modification of the bias point of transistor Jl that adjusts the frequency 
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response of the TIA. The results from [2.46] show that the bandwidth change is only 2%, 

when the control voltage changes from 3V to 5V. 
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Figure 2.20 Topology of transimpedance amplifier [2.45] 

2.3.3 Noise reduction 

A low noise preamplifier and photodetector are crucial components of a receiver. Signal 

amplitude at the detector output is of very low value and in many cases is similar to the 

noise level value. Thus, preamplifiers should ensure adequate amplification, their own 

noise should be low, and their bandwidth should be broad enough to obtain non-distorted 

reproduction of the input signals. To minimise the amplifier noise relative to input signal, 

the major choices faced by a designer are in the configuration of the first stage in the 

amplifier because, for a device, the input noise level varies with the configuration in which 

it is used. Furthermore, it is the noise of the first stage that typically dominates the overall 

amplifier noise. Figure 2.21 illustrates the various capacitance effects through the noise 

ýý! 

-ý.,:. 
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gain curve Anoise, plotted with amplifier gain-magnitude curve AOL. Two other curves in 

Figure 2.21 represent the circuit's current-to-voltage gain and 
1 

response. The Anoise curve P 

begins with unity gain and then experiences a response zero at fZf =1. It 
2rRf(C;,, +CS) 

then rises from feedback shunting due to the reaction of Rf and C;,,. The stray capacitance 

shunting Rf, C, terminates this rise with a pole at f 
pf =1 27rR f CS , 

leveling the noise gain at 

a plateau level of 1+ 
C`" 

CS . 
Large-area photodiodes mean a high value of CD will make C; r, 

higher, producing a higher gain plateau. 

JA) dB 

1+ 

f 
1V 

Figure 2.21 High feedback resistance and the capacitance of the input circuit causing the 

amplifier noise gain Anoise rise at the higher frequency until level by the stray capacitance 

and finally rolled off by the amplifier open-loop response. [2.47] 
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where, 

AOL - amplifier open loop bandwidth limit 

fc- unity-gain crossover frequency of the amplifier 

0- feedback factor 

Cin = CD + Ca 

(CD-photodiode capacitance, Ca - input capacitance between amplifier inputs) 

Three techniques to reduce or remove the noise disadvantages have been presented by 

Graeme [2.48]. The first technique simply adds a feedback capacitance, Cf, in parallel with 

the feedback resistance, Rf of the transimpedance amplifier to reduce the circuit's high 

frequency noise gain, but unfortunately this method also reduces signal bandwidth. This 

approach reaches a point of diminishing returns, because continued increase of Cf can only 

reduce the noise gain to unity. The second and third techniques apply greater circuit 

complexity to address the noise issue better. The second method adds an amplifier and 

feedback elements to form a noise filtering composite amplifier. A modified integrator is 

added within the feedback loop of the photodiode transimpedance amplifier that permits the 

roll off of the higher frequency open-loop gain only. The composite amplifier structure 

leaves the characteristics of the current-to-voltage converter unchanged. Adding the second 

amplifier introduces no additional noise, because the high gain of the first amplifier isolates 

the composite circuit input from the second amplifier input errors. The final technique 

avoids the added amplifier of the composite amplifier and active filter by exploiting the 

filtering effects of a common phase compensation method. This method reduces the noise 
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gain of a photodiode transimpedance amplifier by adding a passive filter within its 

feedback loop. Unfortunately, this approach may either degrade or improve the noise 

reduction. 

Howard [2.49-2.50], suggested four relative parameters to be considered when designing a 

low noise feedback amplifier with transimpedance characteristics as follows :- 

a) The configuration of first stage in the amplifier 

b) A choice between BJT, JFET or MOSFET, because the choice depends upon the 

amplifier frequency range and the type of amplifier. 

c) Specification of component values so that the overall amplifier has the desired 

bandwidth and gain. It is important to choose parameter values so that the gain 

and bandwidth are achieved without impairing the amplifier noise performance. 

d) The circuitry used to power the amplifier and the detector circuitry. These 

usually exhibit noise at a level much higher than the active device used at the 

first stage. 

2.4 Voltage feedback amplifier versus Current feedback amplifier 

Converting the small output current of a photodiode to a fast responding voltage is often 

challenging. Voltage feedback amplifiers (VFA) have the following characteristics : both 

inputs are high impedance, a low output impedance, high forward voltage gain and constant 

gain x bandwidth product. Current feedback amplifier (CFA) characteristics are high 
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impedance at the positive input while low impedance at the negative input, low output 

impedance, high forward transimpedance gain, and bandwidth independent of gain. Figure 

2.22 shows the gain versus frequency plot for voltage and current feedback. 

Voltage Feedback 

A=100 

A=10 

Constant 
Gain X Bandwidth 

Product 

A=1 Ii 
floo flo fl, 

Frequency (Hz) 

Bandwidth 
Independent 

Of Gain 

A=100 
C IN 
CD A=10 

Th 

A=1 

fA 
Frequency (Hz) 

Figure 2.22 Voltage feedback amplifier and current feedback amplifier [2.51 ] 

Comparing the two feedback amplifier characteristics above, CFAs are especially suited to 

implement this function. With an effective internal buffer of an inverting amplifier, the 

output resistance, R0, and the photodiode capacitance, CD, introduce a zero in the noise gain 

at approximately, 
1. 

In comparison, the zero produced by a VFA in a similar 2, rRO CD 

configuration, 
1 

2ir(R1n // RF)CD 

Current Feedback 

tends to be at a much lower frequency. This is because CD 

has less effect on reduction of the photodiode bandwidth, and achieving stability is easier 

when using a CFA. If, CD is sufficiently large, the open loop transimpedance gain crosses 

the noise gain function. As with the VFA, the closed loop amplifier can be compensated by 

adding a small capacitor, CF across RF as discussed in section 2.3.3. Cf improves stability 

59 



by counteracting the effect of the zero discussed above by introducing a low frequency pole 

1 
and inconsequential zero 

1 
In conclusion, it's more difficult to design a 2nRfCf 27rRoCf 

good current-to-voltage converter using VFA, because photodiode capacitance is often a 

source of instability and wide bandwidth usually comes at the expense of supply current 

and higher supply voltage. CFA would be an easier choice to use in the design of 

photodiode preamplifier, but National Semiconductor currently has developed new high 

speed low voltage VFA which has excellent performance in a transimpedance gain block. 

2.5 Definition of Dynamic Service Quality (QoS) 

Quality-of-service (QoS) can be defined as a qualitative and quantitative set of 

measurements used to differentiate between services in a network. These measurements 

may be parameters, such as response time, bandwidth requirement, jitter, signal-to-noise 

ratio (SNR) and etc. QoS helps in classifying services, optimising bandwidth, and in 

assisting service providers to better control, manage, and generate new revenue based on 

actual resource usage. Since reliability and service guarantee are central to QoS, its 

utilisation will enable networks to become more robust. [2.52] The design approach in this 

thesis is based on providing Quality of Service (QoS) assurance to an adaptable receiver 

preamplifier using IR communication. Since the received signal-to-noise ratio (SNR) 

determines the maximum achievable data rate and essentially determines the probability of 

error, it is an effective measure of the QoS. The benefit of an adaptable receiver technique 

is that it seeks to minimise the total transmission power subject to meeting potentially 

different constraints on the received SNR for the intended receiver. 
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2.6 Summary 

The above literature review discussed the photodetector and optical preamplifier that make 

up the front-end of an optical receiver. The transimpedance amplifier is the most common 

preamplifier structure compared to the high impedance amplifier, which creates a heavy 

demand for equalization that reduces the overall dynamic range of the receiver. Three 

principal requirements for a receiver preamplifier, ie :a wide dynamic range, bandwidth 

enhancement and noise reduction have been described. Various techniques for achieving 

these three principal requirements of receiver design, have been presented from the 

literature. 

The four techniques discussed to achieve wide dynamic range simply trade gain for 

bandwidth, and their configurations cause instability. Therefore, the strategy to produce a 

wide dynamic range receiver is to implement an easily-controlled automatic gain control in 

the front-end, which does not trade gain for bandwidth. 

Bandwidth enhancement is a fundamental requirement in the design of optical receiver 

without a large sacrifice of SNR. Among the five principle techniques presented, the 

advantage of bootstrapping techniques is to reduce the effective photodiode capacitance in 

order to achieve higher bandwidth. Feedback and inductor peaking techniques also show 

promising increases in bandwidth but at the expense of gain, and the problem of stray 

capacitance. The capacitor peaking and inductor peaking techniques main drawbacks are 

high power consumption. The least effective bandwidth enhancement is the T resistor 
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network techniques. This is due to the fact that changing resistor values can cause higher 

noise. 

A low noise preamplifier is crucial component of a receiver. It is the noise of the first stage 

that typically dominates the overall amplifier noise. Three techniques to reduce noise have 

been presented in this chapter. Unfortunately the techniques reduce signal bandwidth, and 

may either degrade or improve noise reduction. 

Therefore, the receivers discussed in this chapter have different capabilities and 

characteristics, depending on the application required, mostly for the fibre optics 

environment. The most common receiver characteristic of the work presented is: - high 

bandwidth, high sensitivity and low noise, which are the trends of the future for optical 

wireless receivers in infrared applications. 
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Chapter 3 

New Transimpedance Amplifier Structures 

3.1 Transimpedance Amplifier with FET voltage control filter 

3.2 Transimpedance Amplifier with external voltage control 

3.3 Bootstrap Transimpedance Amplifier with adjustable capacitor 

3.4 Summary 

References 

In this chapter, three transimpedance amplifier structures to address the principal design 

requirements as outlined in Chapter 2 are developed: bandwidth adjustment with 

enhancement and wide dynamic range. This begins by demonstrating the limitation effect 

of the photodiode capacitance in relation to a preamplifier design. Graphical frequency 

plots, showing the photodiode junction capacitance effects on bandwidth, are given. Next, 

the developed preamplifier topology is presented, focusing on the bandwidth adjustment 

with enhancement parameter capabilities for a transimpedance amplifier with a FET 

voltage control filter. This is followed by a transimpedance amplifier with external voltage 

control and a bootstrap transimpedance amplifier with an adjustable capacitor. The idea 
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proposed in this thesis for bandwidth adjustment is to incorporate a variable filter block at 

the input or output of a transimpedance amplifier. The variable filter block component 

consisted of either: 1) a variable capacitor or 2) a variable voltage applied to the gate FET 

or the base of a BJT. Throughout this chapter, mathematical derivations and simulation 

results of the proposed designs are presented. 

As mentioned in the previous chapter, junction capacitance restricts bandwidth in 

photodiodes. Any signal voltage developed across the diode reacts with this capacitance, 

shunting the diode's output current. For comparison, Figure 3.1 illustrates a simple circuit 

for the connection of the photodiode to an input sinusoidal signal and a load resistor. The 

circuit produces the ideal response eo = ipRL until capacitive shunting diverts ip from RL at 

higher frequencies. There, the junction capacitance of the input circuit, CD, produces a 

response roll-off with a pole at a frequency of, fp =1 For most photodiode 22rRLCD 

applications, large values of RL and CD would severely restrict performance because of 

bandwidth limitation. Increasing RL produces greater gain but reduces the bandwidth set by 

fp in direct proportion. Therefore Figure 3.1 is used as an analogy for an infrared optical 

wireless link front-end, for all, the proposed designed receivers described in Chapter 1. 

Pd 

Vdc 
1 

Vin =1 mV 

RL 
1k 

Figure 3.1 Circuit stimulation of a photodiode 
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By varying the junction capacitance of the photodiode, Pd, from 13pF to 1.5pF, the 

frequency response of the photodiode sets the bandwidth as shown in Figure 3.2 and Figure 

3.3. 

se 000 

24ý11W 1K 10K 100K 1M l0M 1WM lp 
tlbA <C'VIP_4D) 

F (HZ) 

....... ... 

35 000I 

1W XE 100 1K 101< 100K 1M 101.4 100M 1G 
ýn(v(vCH 1121ir)1 (n.. nr.. ýý, ) 

F (HZ) 

Figure 3.2 Frequency response plot when the photodiode junction capacitance is 13pF 

Figure 3.3 Frequency response plot when the photodiode junction capacitance is 1.5pF 
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Three amplifier circuit methods greatly ease this restriction through signal isolation, 

photodiode bias and photodiode bootstrap as discussed briefly in Chapter 2. Signal isolation 

removes the signal voltage from the photodiode, while supplying the signal voltage to the 

amplifier output. For better improvement, biasing or bootstrapping the photodiode further 

reduces the effect of the diode's capacitance. A reverse bias voltage applied to the 

photodiode improves bandwidth by reducing the diode junction's capacitance. Bootstrap of 

the photodiode improves bandwidth by isolating the diode capacitance from the signal 

voltage. For small photodiodes, the bootstrap alternative achieves greater bandwidth. This 

technique is applied to assist in the design of the receiver. 

3.1 Transimpedance Amplifier with FET voltage control filter 

In this section a voltage controlled filter using an FET as a variable resistor (VCR), where 

the resistance between the drain and source is controlled by the gate-source voltage, is 

discussed. Consider the characteristics of a JFET with pinch-off voltage = Vp : 

IDS 

VGS=OV 

DSS- - 

Roglon 

Ohmic Region 

SVGS = VP 

T VDS 

- VP 

Figure 3.4 IDS-VDS Characteristics of a JFET [3.1 ] 
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There are two distinct regions - the saturation region and the ohmic region. In the saturation 

region the drain current is almost entirely independent of the drain-source voltage, whilst in 

the ohmic region the drain current depends on the drain-source voltage. The equation of the 

curve is as follows :- [3.1 ] 

IVDS1-IVpI-IVGS 

2IDss 
ID 

2 
[VDS(Vcs - Vp) - 0.5VDSZ 

......................... 
(3.1) 

Vp 

1- ID 2IDSS 
[(VGs - Vp) - 0.5VDS] ..................... (3.2) 

YDS VDS Vp 

Making VGS more negative (n-channel FET) than the transistor's threshold voltage provides 

additional channel electrons, reducing channel resistance and increasing the slope of the V- 

I curve. The result is a voltage controlled resistor. The voltage controlled filter block is, 

basically, a low pass filter, consisting of an FET in series with a capacitor. Figure 3.5 

shows the FET in series with a capacitor simulated with a photodiode, and the simulated 

result is presented in Figure 3.6. The result shows that as VGS increases from -0.1V to -3V, 

the 3dB cutoff frequency varies from 4.52 MHz to 702 kHz. This is because, as VGS 

approaches the pinch-off value, the drain-to-source resistance increases. The RDS of the 

FET (2N4461) is calculated to be in the range 250Q to 750SZ, for a pinch-off value of -3V. 

For example, the ideal calculated cutoff frequency when RDS =250K2, VGS - 0V, is f3dB = 

1=6.3MHz. 
The simulated cutoff frequency is f3dB = 27r(250)(100pF) 

27r(RDS +R1P+C), 
assuming RS and Ro > RPd, where RS is the input resistance, P,, 

pd P 
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is the output resistance and RPd is the photodiode resistance. The combined resistance and 

capacitance of the FET and photodetector has caused a variation of 1.8MHz in bandwidth 

compared to the ideal calculation. 

va 

Pd 

Vin 

10uF 

- cl 

Figure 3.5 
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Figure 3.6 Frequency response of changing FET VG, from -0.1 V to -3 V 
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Table 3.1 shows effect of the bandwidth when Cp is being varied. As Cp increases the 

bandwidth of the voltage controlled filter decreases. 

Table 3.1 Cp versus voltage control and bandwidth 

Cp = 500pF Cp = 100pF Cp = 1pF 

Vco�tro1 Bandwidth Vco�trol Bandwidth Vco�nol Bandwidth 

0.1v 2.4MHz 0.1v 4.5MHz 0.1v 4.9MHz 

0.9V 2.2MHz 0.9V 4MHz 0.9V 4.3MHz 

1.7V 2.1 MHz 1.7V 3.2MHz 1.7V 3.2MHz 

2.5V 1.6MHz 2.5V 2.2MHz 2.5V 2.2MHz 

3V 675 kHz 3V 720 kHz 3V 720 kHz 

The voltage controlled filter is connected in series with a common-collector (CC) 

transimpedance amplifier circuit as shown in Figure 3.7. The advantage of employing a CC 

is that the first-stage Miller capacitance is eliminated and the response is not significantly 

affected by high values of base spreading resistance. [3.2] Resistor R3 ensures that the Q2 

bias current, and hence A2, is close to 15dB, regardless of the exact values of Q1 and Q2 

Vbe" 
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Figure 3.7 Transimpedance amplifier with voltage control filter 

3aF 

The closed-loop bandwidth of the transimpedance amplifier is governed by two major 

open-loop time constants given by equation (3.3) and (3.4) : 

z; n = (R1 
n 

// Rf Win (3.3) 

Rin = Ros+RPd+rbb1+r, 1+ßi (Re 1 //(rbb2+r, 2)), 

where R;,, - open loop input resistance of the receiver 

r, r - is an element in the hybrid-ic transistor model 

Cc - transistor capacitance between base and collector 

Cin = CPd+Cp+Cc I 

zc = RC2, 
T2 

(CT2 + A2Cc2) (3.4) 
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Rf+r, 
E. I + rbb, Rc21r2 = [( I/ Re1) + rbb2 ] ll r; 

r2 

where Rc27,2 - resistance seen by base-emitter capacitance of Q2(C7r2) 

The closed-loop transimpedance AZ(jcw) is given by equation (3.5), where AO is taken to be 

equal A, A2. A2 is defined as the second stage open loop voltage gain, while Al as the first 

stage open loop voltage gain and AO as the closed loop voltage gain between Q1 base and 

Q2 collector. 

AZ (w) _ - Ao RX 
(3.5) 

l+ jWRx(Cpd +Cp +Ccl +(Tc )_Co 2RxCinZc 

Ry 

where Rx = R;,, //( 
R 

1 +A) 
and Ry=R; 

n 
// Rf 

0 

Figure 3.8 shows the simulated frequency response of the circuit. Result shows that the 

bandwidth of the preamplifier is determined by the voltage control filter block, via 

capacitor Cp. The gain of the preamplifier is NO, compared to the gain of the voltage 

control filter block Figure 3.5 without the preamplifier, is only 35dB. 

The gain of the preamplifier could be further increased by adding a gain control circuit as 

shown in Figure 3.9. The gain control circuit uses a JFET, J1, as a variable emitter 

resistance in an emitter-degenerated ac amplifier, thus forming a voltage-controlled 

attenuator. J1 is bias from the voltage source, Vcontro1 which also control the voltage control 

filter. As Vco�trol increases JFET will act as an ON resistance of 600 (max) giving an 

attenuation range of 0 to 40dB. R4 and R5 improve the linearity of the JFET. The use of a 
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constant dc current emitter pull-down current source looks like a very high impedance at 

signal frequencies, thus letting the variable-resistance FET set the gain over a wide range 

and at the same time provides simple biasing. [3.3-3.6] The blocking capacitor Cdcl was 

arranged, so that the FET affects only the ac signal gain. Without this capacitor, the 

transistor biasing would vary with FET resistance. Fig 3.10 shows the simulated results of 

the transimpedance amplifier with voltage filter block and gain control circuit. The 

bandwidth of the system has been maintained but the gain at this point is 98dB, an increase 

of l8dB compared to Figure 3.7 circuit without the gain control. The resistor values are 

calculated with the following equation: [3.3] 

Rc6 = 

Vdc3 
- 

VBE6 

, assuming Iref= 1 mA Iref 

Res - 
VT 
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3.2 Transimpedance amplifier with BJT as voltage control 

This following section discusses a transimpedance amplifier topology that allows an 

external control of bandwidth adjustment by applying a dc voltage to a high-impedance 

node. The control input is a Darlington pair transistor that sinks a very low current, but 

provides a very large current gain. The control voltage is applied to a node outside the 

signal path; the transimpedance loop transfers the control voltage to the input of the 

amplifier, thus modifying its bias point and then its frequency response. 

Fig 3.11 shows the proposed topology, the common collector -common base cascade, given 

by Q3 and Q4 with the shunt-shunt feedback, implements a typical transimpedance 

amplifier, and Darlington transistors Q1 and Q2 have been added to obtain a high 

impedance control input which does not interfere with the signal loop. The control voltage, 

Vý0 01 allows modification of the bias point of transistor Q1 and Q2; therefore the small- 

signal parameters of Q1 and Q2 change and this modifies the frequency response of the 

transimpedance amplifier. The control voltage can then be used to guarantee a minimum 

bandwidth for the amplifier to compensate for source impedance uncertainty due to the 

bonding wire, the photodiode capacitance and its ground scheme. [3.6] 

80 



C6 
uF 0.1 uF 

Vdc 
1C1 ' 

6.8uF 

y1 
Pd 

Vin 
Cin 

1OnF[ 

Figure 3.11 Transimpedance amplifier with external voltage control 

Assuming that the bias point for Q4 remains constant, the expression for VBQ3 in terms of 

Vcontrol is as follows :- 

I EQ2 ~I cQ3 = (18 +')I BQI 

IBQ, = 
Vconlro! 

- 
VBEQI 

PRCE 

IBQ3 
VB 

- 
VBEQ3 

PRe3 

VB 
- 

VBEQ3 

_n+ 1\ 
V 

IBQ3 _- ICQ3 
- 

IEQ3 control - 
VBEQI VEQ3 

ý7 J 
ßRe3 8RCE Re3 

_ 

(Vcontro! 
- 

VBEQI )Re3 
/ý 
)`'VEQ3 + VBEQ3 (3.6) VBQ3 = ýß + 1) 

R 
CE CE 
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As shown in Figure 3.12, equation (3.6) is almost linear, as Vco�troi changes from 2- 10V. 

4 &C 

i 
> 

7 , 001 

f; 

aaooýý 
ým 

VNCONTROL) 
saw am 0T 

Figure 3.12 VBQ3 versus Vco�ttoj 

The transimpedance amplifier is a common-emitter, CE, shunt feedback preamplifier. Ao is 

assumed to be the product of the front-end gain. In most designs, AO should be as high as 

possible to achieve a large bandwidth. However, a high value of voltage gain may cause 

instability, so most transimpedance designs have voltage gains of less than 100. [3.7-3.9] 

The transfer function of the transimpedance preamplifier is as follows by applying standard 

feedback analysis using impedances :- 

111 
ZC1(S) Zol (S) Zf (S) 

where Z, i - closed-loop transfer function 

Z01- open-loop transfer function 

Z1-feedback network transfer function 

The open-loop transimpedance is : 
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Zo, (s) = Ao (s) 
R`nRf 

where A0(s) signifies that Ao is frequency dependent 
Rin +Rf 

Assuming R; r, is high. 

Zo1(s) = A(S)Rf 

If input time constant, Tin >> time constant of CE stage load, TCE then A0(s) is :- 

A° (s) = 
A° 

(1+sr ) where Ao is -g3RCe 

Tin= Rf (Cin + Czr + Cf + (1-Ao)Cc) 

where C1 =Cd+Cs 

CS - stray capacitance, C,, 
- 

base-emitter capacitance, Cc - collector-base capacitance 

Zog (S) _ 

zf(S)= 

ZC1(s) _ 

Aa (s)Rf 
I+SZin 

Rf 
where 't f is the feedback time constant, RfCf 

l+srf 

AoReff 

1+sRef `Cin 
+C +(1-A0)(Cc +C )) 

where Rey. - 
Rf 

1-Ao 

(3.7) 

The output of the transimpedance amplifier is connected to a current mirror dc network 

consisting of transistors QS and Q6. The operation of this configuration is set by a control 

current defined by Rc5 which will establish the level of VBEQ5 and VBEQ6. Assuming QS and 

Q6 are matched transistors, these results in the same load current. The network is also 

capable of ensuring that any variation in load current will be corrected by the configuration 
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itself. The result is sensitivity to unwanted changes that the circuit will make every effort to 

correct. 

Fig 3.13 shows the simulated frequency response of the transimpedance stage as a function 

of the control voltage. The gain of this circuit changes from 27.2dB to 27.8dB, as the 

external control voltage changes. The overall approximated gain for this circuit is around 

27dB. The control voltage is set to operate from a range of 3.5 - 9V, where at this point the 

transistors are operating in a linear state. Table 3.2 shows the effect of the bandwidth when 

Rf is being varied. As Rf increases the gain of the system increases from 27.2dB to 39.7dB, 

but the bandwidth decreases. 

Table 3.2 Rf versus voltage control and bandwidth 

Rf= 2kQ Rf= 1kQ Rf= 500Q 

Vcontrol (V) BW (MHz) Vcontrol (V) BW (MHz) Vconnol (V) BW (MHz) 

3.5 1.7 3.5 2.9 3.5 4.7 

4.5 2.7 4.5 5.2 4.5 9.1 

5.5 4.4 5.5 7.9 5.5 13.6 

6.5 5.7 6.5 10.1 6.5 17.9 

7.5 7.3 7.5 13.3 7.5 21.8 

8.5 8.5 8.5 15.3 8.5 27.8 

9 9.4 9 16.4 9 28.7 
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Figure 3.13 Simulated transfer function of the transimpedance amplifier 

3.3 Bootstrap Transimpedance Amplifier with adjustable capacitor 

A much improved version of a front-end, incorporated within a transimpedance amplifier, 

is shown in Figure 3.14, the topology being known as the bootstrapped transimpedance 

amplifier (BTA). The BTA is an attractive design, as it reduces the effective detector 

capacitance, Cd, seen by the signal in order to achieve relatively wide bandwidths. [3.10- 

3.11 ] The output of the emitter follower stage is feedback to the photodetector by a 

bootstrapping capacitor, Cb. 
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Figure 3.14 BTA Circuit [3.11 ] 
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Figure 3.15 Simplified model of Figure 3.14 
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Assuming that the gain stages and the emitter follower can be approximated by a simplified 

amplifier model shown in Figure 3.15, Rb, , Rb2 » Re, and frequencies are considered 

where Cd, and Cb are short circuits, then the transimpedance gain, A, for the circuit is 

approximated by the following method : 

Vo =- AV i ................................ ......................................... (3.8) 

Vý-V 
Ip =°+ VjCoCd + 

vo -0................................................. (3.9) 
Zf e3 

From (6) into (7) 

V; 
Vo 

=J A 

- V°- 
V0 

-V Ip =A +( °)jovCd + ............................................. (3.10) 
ZfA Re3 

IP AZ f Re3 = [V° (Re3)(A -1) + (-V° )Re3 ZfJ COCd + V° AZ f 

AZ - 
Vo AZ f Re3 

Ip Re3(A-1)+AZf - jWCdRe3Zf 
(3.11) 

where A is the voltage gain of the amplifiers stages and Zf is Rf // Cf in Fig 3.14. 

Equation (3.11) shows that the receiver bandwidth is determined not only by the RfCd time 

constant but by a complex function of Rea and Cf. In order to achieve an amplifier with 

bandwidth adjustment, a modification on Figure 3.14 was made, by placing a capacitor, Cp 

in series with the emitter resistor, Rea in the second gain stage, with a feedback resistor Rf 

as shown in Figure 3.16. 
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The feedback of the circuit is taken in between resistor, Rea and capacitor, Cp. By varying 

the capacitor, Cp the bandwidth of the circuit can be controlled. A comparison of the 

simulated output result for the BTA circuit and the modified BTA circuit are shown in 

Figure 3.17 and Figure 3.18. In each case the amplifier output is taken from the collector at 

Q. Q3 is bias through the connection of Rea and Rf to the base of Q1. The BTA circuit has a 

gain of 4l dB with a cut-off frequency of 1 GHz, while the modified BTA circuit maintains a 

gain of 48.2 dB as Cp is varies until Cp is luF and lOuF, the gain starts to drop to 47.7dB 

and 44.7dB respectively. The stimulation shows that the bandwidth adjustment between 

each capacitor value is a ratio of 10: 1 to 8: 1. Table 3.3 shows the bandwidth of the 

modified BTA circuit as capacitor, when Cp and Rf are changed. 

Table 3.3 Rf versus capacitor, Cp, bandwidth and gain 

Rf=10kS Rf=100M Rf=500kQ 

Capacitor 

value (F), Cp 

Gain (dB) Bandwidth 

(Hz) 

Gain (dB) Bandwidth 

(Hz) 

Gain (dB) Bandwidth 

(Hz) 

lp 48.2 233M 47.7 218M 45.2 149.2M 

lop 48.2 29M 47.7 27.8M 45.2 22.9M 

loop 48.2 2.9M 47.7 2.8M 45.2 2.3M 

In 48.2 287k 47.7 275.4k 45.2 263.9k 

l On 48.1 29k 47.5 28.2k 45.1 27.1k 

loon 48.0 3.2k 47.4 2.8k 45.0 2.4k 

1u 47.7 318 47.4 268 45.0 251.9 

IOU 44.7 52 44.0 51 41.4 45 
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Figure 3.16 Modified BTA circuit 
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Figure 3.18 Modified BTA Bandwidth 
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Using the same analogy for the bootstrapped transimpedance amplifier discussed earlier, 

the transimpedance gain, AZ for this circuit with adjustable capacitor, Cp is approximated by 

the following method : 

Vo =-A,, V:................................ ............................................ (3.12) 

Vý -V Ip =+ VjwCd .................................................................. (3.13) 
Zf 

+ 
vi -V= jwCpV ............................................................ (3.14) 

Re3 Zf 

From (3.12) into (3.13) 

Vo 

Vý=-- 
Av 

V. 
Vo 

(1 + jCO CdZf) ZfIp ......................................................... (3.15) 
Av 

From (3.15) into (3.14) 

Vo[Zf+ 
(1+ jwCdZf)Zf Re3 

+ 
(1+jWCdZf)Re3 

+ 
jrwCZfRe3(1+j wCdZf)1 

Av _ Av A Av 

=1p[Zf2 +ZfRe3-JCOCpZf2Re3] 

= 
VAZ 

° 
Ip 

_2 
Av [(Z2f+ Zf Re3) J O)Cp Zf Re3 

Zf(1+A, )-W2CpZf2Re3Cd +. IOZfRe3(Cd +Cp) +1WCdZf2 
(3.16) 
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where A, is the voltage gain of the amplifiers stages, and Zf is (Rf // Cf )in Fig 3.16. 

Equation (3.16) shows that the receiver bandwidth is determined not only by the RICd time 

constant but also by a complex function of Rea, Cf and C. The modified circuit shows that 

the bandwidth can be varied by varying capacitor Cp, thus modifying the second stage gain. 

Comparing equation (3.11) and (3.16) it shows that, with additional capacitances in a 

system, its bandwidth is reduced. However, in this case the extra capacitor, Cp, is the main 

component to achieve bandwidth adjustment. 

3.4 Summary 

This chapter has presented three techniques to achieve bandwidth adjustment, using passive 

components. Table 3.4 shows the comparison of each technique. 

Table 3.4 Comparison of technique 

Technique FET voltage control 

filter 

External voltage 

control 

Adjustable capacitor 

Gain 80dB 27.8dB 48.2dB 

Cut-off Frequency 702kHz - 4.52MHz 4.7MHz - 28.7MHz 52Hz - 233MHz 

Ratio 1: 6.5 1: 6.3 1: 10 (between each 

capacitor) 
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Table 3.2 shows that the technique using the adjustable capacitor has a wide bandwidth of 

frequency range, with an average gain of 48dB. The technique using the external voltage 

control has a lowest gain of 27.8dB, and the bandwidth adjustment is more focused in the 

centre between the high frequency range (HF) to the very high frequency range (VHF). The 

FET voltage control filter technique has a maximum gain of 80dB, but the bandwidth 

adjustment is focused in the low frequency range (LF). A noise analysis of each technique 

will be discussed in detail in Chapter 6. 
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Chapter 4 

Composite transimpedance amplifier bandwidth adjustment structures 

4.1 Combination of voltage feedback and current feedback amplifier 

4.2 Combination of bootstrap transimpedance amplifier and voltage 

feedback amplifier 

4.3 Combination of dual feedback loop and voltage feedback 

amplifier 
4.4 Summary 

4.5 References 

The aim of this chapter is similar to Chapter 3, in that it address the principal design 

requirements, outlined in Chapter 2. In this chapter, three different configurations, known 

as the composite transimpedance amplifier structures, were suggested. The composite 

amplifier technique is actually cascading two amplifiers together, where each amplifier has 

its own characteristics. A composite amplifier normally uses a combination of a voltage 

feedback amplifier and a current feedback amplifier, where the best qualities of both 

amplifiers can be combined to achieve a better performance. The resulting composite 
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amplifier can exhibit the best of each circuit and, hopefully, exhibit none of the weaknesses 

[4.1-4.4]. Voltage feedback operational amplifiers, such as the LMH6624, have excellent 

performance in applications where the gain-bandwidth product of the operational amplifier 

is very wide and of very low noise. Current feedback operational amplifiers, such as the 

LMH6732, are high speed operational amplifiers with a unique combination of high 

performance, low power consumption, and flexibility of application. This chapter begins by 

describing a combination of an integrated voltage feedback amplifier and a current 

feedback amplifier with adjustable bandwidth capabilities. The second configuration is a 

combination of the bootstrapped transimpedance amplifier, discussed in Chapter 3, with an 

integrated voltage feedback amplifier. The discussion which follows will be focused on the 

combination of the design of a dual feedback loop transimpedance amplifier using 

transistors with an integrated voltage feedback amplifier. The bandwidth adjustment for this 

system is controlled by a low pass filter. Throughout this chapter, mathematical equations 

will be presented and simulation results of the designs developed. 

4.1 Combination of voltage feedback and current feedback amplifier 

Chapter 2 has discussed briefly the characteristics and the challenges of the voltage 

feedback amplifier (VFA) and the current feedback amplifier (CFA), when used with a fast 

changing voltage. This section introduced the current-to-voltage converter using a voltage 

feedback amplifier even though phase shift caused by photodiode capacitance is often a 

source of instability [4.5]. The choice of using a VFA as a front end is because the 
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LMH6624 has a wide bandwidth of 1.5GHz, with very low input noise (0.92nV/ Hz ), 

providing precise operational amplifiers with wide dynamic range [4.6]. A combination of a 

photodiode with the voltage feedback amplifier implements a low noise transimpedance 

amplifier. The transimpedance gain is set by Rf, where 

Av=-IIN*Rf. 

The total input current noise spectral density (i,,; ) equation for the amplifier, configured as 

the basic transimpedance configuration, can be calculated with the following equation 

[4.6]: 

i. i= in +( 
e n )Z + 
Rf 

4kT 
Rf 

where, in and e� are the noise current and voltage respectively. 

(4.1) 

From Figure 4.1, which was obtained from equation (4.1), setting Rf =1 kQ in the design 

configuration, indicates that the current noise spectral density for the configuration is 

around 5pA/ Hz 
. 
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Figure 4.1 LMH6624 current noise density versus Rf [4.6] 

97 



The second stage amplifier, an LMH6732, is an adjustable supply current, current feedback 

operational amplifier (CFA). The supply current and, consequently the dynamic 

performance of the IC, can be easily adjusted by selecting the value of a single external 

resistor, Rp. The operating point is determined by the supply current, which, in turn, is 

determined by the current (Ip) flowing out of pin 8, as shown in Figure 4.2. As the supply 

current is increased, the following effects can be observed for the device as in Table 4.1: 

Table 4.1 LMH6732 parameters related to supply current [4.7] 

Specification Effect as I,, Increase 

Bandwidth Increases 

Rise Time Decreases 

Output Drive Increases 

Input Bias Current Increases 

Input Impedance Decreases 

/Y 
#V1 

f" 
1 
/tI 

5i(i) U/ 
1 
L. 

a "111 /U 

r 

Rp 

Figure 4.2 LMH6732 supply current control simplified schematic [4.7] 
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The terminal marked "Rp" in Figure 4.2 is tied to a potential through the resistor Rp shown 

in Figure 4.4. The current flowing through Rp (Ip) sets the supply current. The voltage 

applied to Rp and Vco�tro1 are both considered to be -5V. The relationship between I,, and Ip 

is given by [4.7] : 

Ip = 
I" 

(approximate ratio at I, = 1. OmA from Table 4.2), (4.2) 
57 

Knowing Ip leads to a direct calculation of Rp 

Rp+5kQ-[(V+ -1.6)-V- 
IP 

(4.3) 

if V+ and V- are 5V and -5V respectively, then Rp can be determined from the following 

equation : 

Rp+5kQ= 
8.4 

(4.4) 
Ip 

In this design, I,, is chosen to be 1. OmA, A,, =1 and Rfl = lkQ from Table 4.2. 

Therefore, from equation (4.2) and (4.3), the calculated value of Ip = 17.54µA and Rp = 

412k Q. 

Table 4.2 : Rf selection for various gain settings and L, [4.7] 

Gain (V/V) Ic (mA) Unit 
9 3.4 1 

Av =+1 700 1k 1k s 
Av=+2 700 1k 1k Q 

Av = -1 500 750 lk 0 
Ay = -2 400 450 lk S? 
Au = +6 500 500 lk S1 

Av _ -6 200 200 lk S 
Av = +21 1k 1k lk S2 

AV = -20 500 500 1k S2 
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Figure 4.3 shows the graph Ip versus bandwidth for the LMH6732. As Ip increases, the 

bandwidth increases. From the calculation above, for Ip = 17.541tA, the bandwidth is set to 

approximately 55MHz. 

Ip(uA) versus Bw(MHz) 
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The two stage composite amplifier configuration using the VFA and the CFA is shown in 

Figure 4.4. As V, o�nol is varied between 0V to 5V, the bandwidth of the overall composite 

circuit can be adjusted. Figure 4.5 shows the simulated frequency response for the first 

stage amplification after the LMH6624, and the frequency response for the composite 

amplification. The first stage gain is 44.3dB, with a 3dB cut-off frequency of 116MHz. The 

3dB cut-off frequency response for the composite circuit is between 18.1 MHz to 75.2MHz, 

producing an overall composite bandwidth adjustment of 57.1MHz. The gain at this stage is 

50.1 dB. 
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Figure 4.4 Composite Voltage and Current feedback amplifier 
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Figure 4.5 Frequency responses versus gain 
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The LMH6624 and LMH6732 were built on a surface mount board and each of them was 

measured individually. A sinusoidal signal of 5mVpp, with a load resistance, RL =I OO1, 

was used to generate the frequency response shown in Figure 4.6. The LMH6624 has a 3dB 

bandwidth of 105MHz, whilst the LMH6732 has a 3dB bandwidth from 35MHz to 69MHz, 

as Vcontroi is varied from OV to -5V. Therefore, the bandwidth adjustment for LM116732 is 

around 34MHz. Comparing the simulated result and the practical results in Figure 4.7, the 

composite amplifier circuit shows a close correspondence. 

Gain (dB) versus Frequency response (LMH6732 & LMH6624) 
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Figure 4.6 Practical measurements for LMH6624 and LMH6732 
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Frequency versus Vcontrol 
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The Av for LMH6624 is set to 10, whereas Av for LMH6732 is set to 1. R1 acts as a bias 

current cancellation. Rl is calculated from the following equation : R1 = [Rf // (RG + Rs)]. 

Assuming that the source resistance, Rs = 5011, therefore, 

Rf +Rs) 
R=fG= 83.333Q -- 8552. A value of 905 is chosen to obtain a lower value of ' Rf+RG+Rs 

bias current cancellation. R,, and C, is set as lag compensation, in order to achieve stability 

at lower gains. The overall gain is calculated as follows : 

Ip 
_ 

Vin 
- 

Voulpu! 

+ 
ýn 

+ Vin JCÜCd (4.5) 

Rf RG 

Voutpul =-AV ,n 
(4.6) 
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VoutpuII = AI V. 
nI 

V0 11 = AI Voutput (4.7) 

From (4.6) in (4.5) 

youtput - 
AR 

f 
RG 

IP (1 + A)RG + R1 + j&CdR fRG 
(4.8) 

youtputl 
_ 

youtputl 
x 

voutput 
=- 

A-AIRfRG 
(4.9) 

IP Vouiput ip (1 + A)RG +R f+ jWCd Rf RQ 

where A is the gain of theist stage, Ai is the gain of the 2nd stage. 

4.2 Combination of bootstrap transimpedance amplifier and voltage feedback 

amplifier 

Another proposed topology using the composite amplifier technique that provides high 

bandwidth is shown in Figure 4.8. The bootstrapped transimpedance amplifier which was 

discussed in Chapter 3 is connected in series with a voltage feedback amplifier, the 

LMH6624. An RC filter is used as a termination. The first stage of the BTA produces a cut- 

off frequency of 94.5MHz, with a gain of 51.5dB. By varying the capacitor, Cfilter, of the 

RC filter between 50pF to lnF, the bandwidth of the composite circuit can be controlled. 

The cut-off frequency obtained by this RC filter on the composite amplifier is from 

9.5MHz to 103.5MHz, as shown on the frequency response plot of Figure 4.9. The overall 

gain is reduced to 12.3dB. There is a trade-off between gain and bandwidth, as the 

bandwidth is increased the gain of the circuit is reduced. As mentioned in Chapter 3, 

bootstrapping the transimpedance amplifier effectively allows for a higher transimpedance 

104 



gain, but, in this case, a composite configuration of transimpedance amplifier with 

adjustable bandwidth allows for a bandwidth adjustment with a trade-off of 39dB gain. 

Table 4.3 shows the changes in frequency response when Rf is varied. 

Figure 4.8 Composite bootstrap transimpedance amplifier with VFA 

Table 4.3 Rf versus Frequency response 

Gain 

(dB) 

Rf (1) Capacitance 

50pF 100pF 200pF 400pF 800pF 1nF 

9.36 lk 110.8MHz 72.4MHz 43.4MHz 22.9MHz 11.75MHz 9.26MHz 

10.44 800 110.8MHz 72.4MHz 43.4MHz 23.4MHz 11.75MHz 9.26MHz 

12.3 500 103.5MHz 71.0MHz 44.2MHz 24.3MHz 12.4MHz 9.5MHz 
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Figure 4.9 Frequency response composite transimpedance amplifier 

Assuming that the gain stages and the emitter follower can be approximated by the 

simplified amplifier model as shown in Figure 4.10, Rb, , Rb2 » Re, and frequencies are 

considered where Cdc and Cb are short circuits, than the transimpedance gain, A, for the 

circuit is approximated using the following assumption, where A is the voltage gain of the 

first stage amplifier, and Al is the voltage gain of the second stage amplifier: - 

Voýcýuc = -AV in .................................................................... 
(4.10) 

I 
__ 

Vin 
-VV- oulpul +V (ýC" + output 

p ,nJd Rr Re3 
(4.11) 

...................... .................. 

. FILTER=60p 

4y 
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Figure 4.10 Simplified model of Figure 4.8 

Re3 

Rfilter 

_L. Cfilter 

I 

From (4.10) in (4.11) 

Voutput 
Vin 

A 

- 
Voutput 

- 
Voutput 

-v 
output I=AR+ Atput )ýwC d+ 

Rtput ................................... 
(4.12) P 

f e3 

IP AR f Re3 - [Vou, 
pur (Re3)(A - 1) - (V0,1 )Re3R f jwCd + Vou, 

pu, 
AZ f 

_ 

Vou'put ARf Re3 
AZ 

Ip Re3(A-1)+AR f- jWCdRe3Rf 

1 
Voutputl JwCfilter 

-- 

Al 

1 Voutput 
R 

filler 

JWRfilterCflter +1 

filter JwCfilter 

(4.13) 

(4.14) 
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From (4.13) and (4.14) 

Voutput 1 

Ip - 
- AA, R fRe3 

1+Re3(A-1)+ARf - jWCdRe3Rf + Jo)RfilterCfilter 
(4.15) 

Equation (4.15) shows that the feedback resistor plays an important part in determining the 

gain of the circuit. Table 4.4 shows the tabulated gain versus Rf and Rfl. As the feedback 

resistor, Rf, increases, the gain of the overall system increases, but, as the second stage 

amplification feedback resistor, Rfl, increases, the overall system gain reduces. 

Table 4.4 Feedback resistor, Rf and Rfl versus gain 

Rfl =500Q Rfl =800Q Rf, =1kQ 

Rf (SZ) Gain (dB) Rf (0) Gain (dB) Rf (0) Gain (dB) 

25k 11.51 25k 9.56 25k 8.53 

50k 12.42 50k 10.44 50k 9.29 

75k 12.664 75k 10.77 75k 9.73 

100k 12.83 100k 10.93 100k 9.89 
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4.3 Combination of dual feedback loop and voltage feedback amplifier 

In this section, the technique of dual feedback loops was used in a composite manner with a 

VFA, the LMH6624. The dual feedback loops technique was used in the amplifier for 

terminal impedance matching, and this is categorised as a broadband amplifier. These are 

used in a large variety of applications, such as wireless systems and optical 

communications. Amongst the variety of broadband amplifiers, the Kukeilka configuration 

is one of the popular circuits [4.8]. The schematic design of this type of broadband 

amplifier is sometimes known as the dual feedback loop amplifier, presented here. This has 

been improved in terms of transimpedance bandwidth by using two bipolar transistors and 

two peaking inductors in series with the base of the transistor, as shown in Figure 4.11. The 

output of the dual feedback loop amplifier is then connected in series with an inverting 

VFA. The output of the voltage feedback amplifier, LMH6624 is connected to resistor Rfiter 

with an array of switchable capacitors, Cfilter, which control the bandwidth adjustment of the 

overall circuit. Each capacitor is connected to the output of a high speed dual comparator, 

the LM 119, which compares the input voltage of Vco�t, -01, as shown in Figure 4.12. The 

reference voltage is set between 0.1 V to 5.1 V. The output of each comparator is connected 

to an N-channel MOSFET, the S12308DS, which acts as a switching transistor. The 

capacitor is linked in series with the MOSFET. When, the MOSFET switches on, the 

capacitor is connected to ground, when the configuration then acts as an RC filter. As the 

Vcontrol changes from OA V to 5.1 V, each of the switchables capacitors will be activated, 
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where at Vcontrol = 5.1 V, the capacitance value will be equal to Cflter + Cfilterl + Ctilter2 + 

Cfilter3 + Cfilter4 +Cfilter5" 

' 1c1 LC2 
Vdc 6.8uF 10.1 uF RcQ1 

6.5k 

Pd 
2.5nH 

Vin L1 

-ýXXXl 
Qt 

Cdc 
1 00uF 

Vdcl 
ö 1C3 1C4 

RcQ2 ýýýJJ 6. BuF 0.1 uF 

Rf2 
1.5k 

1.5k RG 

10nH YY Y` 
L2 50 

R1 
Rf1 25 
1k 

ReQ2 
CeQ2 300 

10pF 

Vdcz iC5 I C6 
Rf3 6 BuF 1OluF 

1k -- 

LMH6624 

RfiIter I Cfitter 1 

I 
20pF 

C7 
ic8 

ýF 
1OluF 

- 
Vdc3 T6.8U 

Figure 4.11 Composite dual feedback loop with VFA 

R2 
1k 

To Control Filler 

This amplifier is approximated by a two-pole system with open loop poles P1 and P2. The 

local series feedback resistor, Ro, is used to adjust P1 whilst the local shunt resistor, Rf2, and 

series resistor, ReQ2, are used to adjust P2 so that the two poles are bought to be coincident. 

Then, the feedback resistor, Rf2, is selected for a required loop gain to attain the maximally 

flat condition. Capacitor, CeQ2 is connected in parallel with ReQ2 to overcome the over- 

damped characteristics. The effect of inductors Ll and L2 in series with the base of the input 

transistor is to produce a high frequency peak, in order to broaden the bandwidth. This 

method is known as "series peaking" because the inductor appears in series with the source, 

similar to shunt peaking, but it introduces no zero in the transfer function [4.9-4.11]. 
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Figure 4.12 Array of RC filter with comparator 
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Figure 4.13 Frequency response composite transimpedance amplifier 

As seen from Figure 4.13, the frequency response simulation shows that the gain from the 

dual feedback loops amplifier is 58.4dB, with a cut-off frequency of 167.6MHz. The output 

gain after the composite network is only 15.1dB, with bandwidth adjustment between 285.8 

kHz to 114.8MHz. The reason for this decrease could be because each stage has a loading 

effect on its previous stage, which reduces the gain of the second stage, or the second stage 

amplifier has low output impedance, hence reducing the overall gain of the system. As 

stated, in the law of gain bandwidth product, in order to obtain a gain bandwidth product 

constant, one would have to trade gain for bandwidth or vice versa, which is equally in this 

case. This bandwidth adjustment is obtained by changing Vcontrol from 0.1 V to 5.1 V. The 

results show that the bandwidth ratio between each V, ont, o1 can be set by changing the value 
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of the array-switchable capacitors. The bandwidth ratio between OA V to 1.1 V is 3.5: 1, 

between 1.1 V to 2.1 V is 1.5: 1, between 2.1 V to 3.1 V is 2: 1, between 3.1 V to 4. lV is 13: 1, 

and between 4.1 V to 5.1 V is 2.5: 1. This shows that a wide adjustable bandwidth could be 

controlled and operated within a given range. The open loop circuit of the dual feedback 

circuit for the calculations of open loop voltage gain is as follows, assuming Cdc and CeQ2 

are shorted. The simplified model is shown in Figure 4.14 : 

VE 

L1 
Vin 

lýRRRJ Amplifier L2 

ýRRRJ' 
Voudputl 

Ip 
Cd 

VC 

Rf1 

Rf2 

VE1 

{ MPHIied 

vc1 

R3 

H 

Rfiner 

C61ter 

-ý I 
VC2 

Figure 4.14 Simplified model of Figure 4.11 

Voulputl 
-A 

Vin 

L-(V 
I+ 

Vouput2 Vin 

il , Ip, il 
ýn )I ýLl iýCd 

p- Rfl 

voutput2 
-Al 

V'n2 

Voutput2 
-r t'n2 

Voutputl 
- 

(V 
, n2 - 

Voutpurl )JwL2 +_ 
Rf2 Rfl 

(4.16) 

(4.17) 

(4.18) 

(4.19) 
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From (4.16) in (4.17) 

-Y output l- (voutput 
l+Y 

output l)j 
aLI ] aCd = lT p+ AlAJ 

Voutput 
2+ 

Voutputl 

A 

R11 

[-V -(AV +V) wL ] wC = AI 
PA 

Voutputz + Voutputl 
output] output] output] .ý1 .ýdp R1 

-Vourpu(, [jcoCdRfI +(A+1)jzw2L, CdR f, +1] 
A=Rf, 

I 
p+ 

Voutput2 

From (4.18) in (4.19) 

-Y output 2 o- Voutputl )JwL2 + 

Voutput 2 Voutput 
2+A 

Rf2 

Voutput 
1 

Voutputl +A 

Rf1 
11 

(-Voutput2 - A, Vou, 
put, 

)jwL2R f2 + A, (A + 1)V0 
,2 

(A + 1)V0,1 

A, Rf2 Rf1 

[- jwL2R f2 R f, +Rf, A, (A + l)]Voutput2 = [A, R f2 (A + 1) + A, jwL2R f2R fI ]Vouýut1 

Voutput2 
_ 

A, (A + 1)R f2 + A, R f, R f2 jWL2 
ti -K Voutpurl At (A + 1)R f, -Rf, R f2 jwL2 

Substituting (4.21) into (4.20) 

-Vourpur2LjwCdR j, +(A 
KA 

+1)j2av2L, CdRf, +1] 
=R f1I p+ 

Voutput2 

- Voutput2 lj wCdRfI + (A + l)j2w2L, CdRfI + 11 - Voutput2 (KA) = KARJII 
p 

(4.20) 

(4.21) 
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Voutpu12 - ARJ., K 

Ip jaCdRf, -w2(A+1)L, CdRf, +1+AK 

Voutput 
3 

Voutput 2 

Voutput3 

Ip - 

- A2 

.I 
wR filter 

Cftlter +1 

-AA2Rf, K 

(jwCdR f, -w2(A+1)L, CdRfI +1+AK)(jwRrlterCfilter +1) 

(4.22) 

(4.23) 

(4.24) 

It should be pointed out that there is a limitation to input series peaking. The loss and the 

parasitic capacitance of the monolithic inductors makes them poor candidates for L1 in 

Figure 4.11. It would be better to employ a bond wire instead but the length and shape of 

the wire and the capacitance of the photodiode must be tightly controlled [4.11]. 

4.4 Summary 

This chapter has presented three techniques for achieving bandwidth adjustment, using the 

method of combining different characteristic amplifiers, known as the composite amplifier. 

Table 4.5 shows the comparison of each technique. The technique using a dual feedback 

loop and a VFA has a bandwidth range and variation of bandwidth adjustment, with a gain 

of 15.13dB. The technique using bootstrap a transimpedance amplifier with a VFA has the 

lowest gain, 12.3dB, and the bandwidth adjustment is more focused in the centre between 

the high frequency range (HF) to very high frequency range (VHF). The composite VFA 
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and CFA technique has the highest gain, 50.1dB, but the bandwidth adjustment ratio is very 

small. Noise analysis of each technique will be discussed in detail in Chapter 6. 

Table 4.5 Comparison of composite amplifier technique 

Technique VFA and CFA Bootstrap TIA and Dual Feedback Loop 

VFA and VFA 

Gain 50.1 dB 12.3 dB 15.3 dB 

Cut-off Frequency 18.1 MHz - 75.2MHz 9.5MHz - 103.5MHz 285.8 kHz - 

114.8MHz 

Ratio 1: 4 1 : 10.8 Varies depends on 

the capacitor value 

setting 
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Chapter 5 

Integration of bandwidth control and automatic gain control 

5.1 Automatic gain control (AGC) theory 

5.2 Automatic gain control circuit configuration 

5.3 Integration of AGC with bandwidth control circuits frequency 

response analysis 

5.4 Bandwidth control and AGC or AGC and bandwidth control? 

5.5 Summary 

References 

Optical receivers may experience vastly different input currents because the transmitted 

optical power, ambient noise and the efficiency of the photodiode may vary from one link 

to another. Thus, transimpedance amplifiers must accommodate a relatively wide dynamic 

range, typically from a few microamperes to a few milliamperes. For example, assume a 

transimpedance amplifier with Rf = lkQ and Vo�t = 0.8V when Iin = 0. If a logical one, 

represented by I;,, = 100µA, is injected into a transimpedance amplifier, the voltage output 

of the amplifier will change by 100µA x1 kQ = 100mV. If Iin rises to I mA, it cannot be 
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accommodated within Vo�t, and the circuit becomes heavily nonlinear. This overload 

behaviour appears at first sight benign for large input currents. Unfortunately, at high 

speeds, other effects arise that make overload undesirable. In bipolar transimpedance 

amplifiers it may drive some of the transistors into saturation, degrading the speed 

considerably. Therefore, it is suggested that the gain of the transimpedance amplifier must 

be automatically adjusted such that high input currents do not distort the output waveform. 

The detailed concepts are different from typical voltage amplifiers; transimpedance 

amplifiers sense currents with only one polarity because photodiodes injects either 

electrons or no charge into the transimpedance amplifier. This means that the average value 

of the output voltage varies in proportion to the average amplitude of the input current. This 

chapter begins with an introduction to automatic gain control (AGC) theory. This is then 

followed by a discussion concerning the designed circuit configuration using the 

LMH6504. The final discussion will be focused on the frequency response plotted for each 

of the circuits discussed in Chapter 4, linking with the AGC. 

5.1 Automatic Gain Control (AGC) Theory 

The most general description of an AGC system from a practical point of view is presented 

in Figure 5.1(a) [5.1 ]. The input signal is amplified by a variable gain amplifier (VGA) 

whose gain is controlled by an external signal Vx. The output from the VGA can be further 

amplified by a stage to generate an adequate level of V0. The output signal's parameters, 

such as amplitude, are sensed by the detector, any undesired component being filtered out 
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and the remaining signal is compared with a reference signal. The result of the comparison 

is used to generate the control voltage V, {, and adjust the gain of the VGA. 

P 
Vý Variable gain 

amplifier (G1) 

vx 

VI 

Difference 
amplifier 

Amplifier (G) 

Low pass filter 

Vref 

Figure 5.1(a) AGC block diagram [5.1 ] 

Linear 
K, region 

below 
threshold, Useful 

Range 

i 

Vo 

Detector 

V2 

Overload 
Region 

Yý V2 V1 

Figure 5.1(b) A typical AGC's transfer function [5.1 ] 

An AGC is essentially a negative feedback system [5.2]. A typical transfer function for an 

AGC system is illustrated in Figure 5.1(b). The graph shows that, for low input signals, the 

AGC is disabled and the output is a linear function of the input. When the output reaches a 
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threshold value, V, 
I 
the AGC becomes operative and maintains a constant output level until 

it reaches a second threshold value, V2. During this state, the AGC becomes inoperative 

again, to prevent stability problems at high levels of gain. The variable gain amplifier 

(VGA), P has the following transfer function :- 

P= Gleavx (5.1) 

Vo = V; Gle'V G2 (5.2) 

where G1 is a constant and a is a constant factor of the VGA 

Assuming unity gain for the detector and the difference amplifier, the combined transfer 

function of the filter and difference amplifier is label as F. Therefore the control voltage is 

given by : 

Vx = (Vref - Vo)F (5.3) 

From (5.2) assuming K= G1 e°`v"G2, then Vo = KV; 

To consider the change in the output voltage due to a change in the input voltage, the 

derivative of Vo with respect to V; is taken as follows :- 

dVo d 
(KV; )=K+V; 

dK 
d Vi d Vi 'd Vi 

(5.4) 

The last derivative on the right side of the equation can be simplified by applying the chain 

rule and using equation (5.3) 

dK dK d VX 
dV; dVX dV; 

dK d Vx d Vo 
dVY dVo dV; 

dK 
ý_Fý 

dVo 
dVx dV, (5.5) 

d Vo 
(1 + FV, 

dK)=K 
d V. d V. 

(5.6) 
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Equation (5.6) shows that the loop gain is a function of the input signal which translates 

into a relative degree of non-linearity and complicates the analysis of the transient response 

of the system. 

5.2 Automatic gain control circuit configuration 

There are many component and circuit configurations that can be used as a variable gain 

amplifier (VGA), which is the main component of an AGC system. The main factors that 

must be taken into consideration while selecting a suitable circuit are : 

a) Frequency response 

b) Available control voltage 

c) Desired control range of the VGA 

d) System configuration 

Figure 5.2 illustrates a suggested automatic gain control circuit that employs two, 

LMH6504 integrated circuits. The LMH6504 is a wideband dc-coupled voltage-controlled 

gain stage followed by a high-speed current feedback operational amplifier which can 

directly drive a low impedance load. Looking into its internal chip configuration, the device 

combines a closed loop input buffer, a voltage controlled variable gain cell and an output 

CFA amplifier [5.3]. The input buffer is a transconductance stage whose gain is set by the 

gain setting resistor, RG. The output amplifier is a current feedback operational amplifier 

and is configured as a transimpedance stage whose gain is set by and is equal to the 

feedback resistor, RF. The maximum gain, AvMAX, of the device is defined by the ratio : 
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R F, where ß is the gain multiplier with a nominal value of 0.965 [5.3]. It has a gain 
Rc 

control bandwidth of 150MHz, where its maximum gain is set by external components, and 

the gain can be reduced all the way to cut-off. In AGC applications, the control loop forces 

the LMH6504 to have a fixed output amplitude. The input amplitude will vary over a wide 

range, and this can be an issue that limits dynamic range. The way to avoid this problem is 

to have a high value of RG, which increases the load resistance and therefore decreases the 

load current demanded. With an increased RG, RF will also have to increase to keep the 

same AvMAx, and this will decrease the overall bandwidth. Therefore an RC combination is 

placed across RF to counteract the negative effect on BW when a large value of RF is used. 
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Figure 5.2 Proposed AGC circuit 

124 



In Figure 5.2, UI receives the input signal and produces an output signal of constant 

amplitude. U2 is configured to provide negative feedback. Therefore, U2 generates a 

rectified gain control signal that works against an adjustable bias level, which may be set by 

the potentiometer, and Rb. Cb integrates the bias and negative feedback. The resultant gain 

control signal is applied to the UI gain control input, Vg via pin 1. The bias adjustment 

allows the UI output to be set at an arbitrary level less than the maximum output 

specification of the amplifier. Rectification is accomplished in U2 by driving both the 

amplifier input and the gain control input with the UI output signal. The voltage divider 

that is formed by R1 and R2 sets the rectifier gain. The maximum gain set for Figure 5.2 

R lk 
can be calculated using the formula :80.965( )=9.65. The simplified block 

RG 100 

model of Figure 5.2 is shown in Figure 5.3. 

Figure 5.3 Simplified model of Figure 5.2 
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Assume the VGA has the following transfer function : 

A, = Keavg 

V0 =VA, V Ke°Vg 

where K is a constant and a is a constant factor of VGA. 

V2=mIVoI 

Vg = F(s)VZ -- F(s)m I Vo 

(5.7) 

(5.8) 

(5.9) 

(5.10) 

where F(s) represents the filter transfer function, and m is a constant 

Applying the logarithm function on both side of equation (5.8) 

1nVo =aVg +1nV; K 

The control voltage can be expressed as : 

a Vg =1n Vo -1n VK 

Substitute (5.10) into (5.12) 

aF(s)mV0 =In Vo -1nVcK 

aF(s)1n m+ aF(s)1n Vo =1n Vo -1n V+ In K 

In Vo[1-aF(s)] =In Vi +aF(s)Inm-1nK 

(5.11) 

(5.12) 

(5.13) 

Setting m and K equal to one, since the interest is in the output-input relationship, the 

equation becomes : 

lnVo[1-aF(s)] =1nVi 

Expressing Vo and V; in decibels, the following equivalence is : 

InVo =2.3logVo - 
2.3VMB 

=0.115VodB 20 

(5.14) 
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Therefore, equation (5.14) becomes : 

VodB 
VidB 

(5.15) 

1-aF(s) 

Equation (5.15) shows that the behaviour of the system is determined by the a factor of the 

VGA and the filter F(s). F(s) is usually a low pass filter, since the bandwidth of the loop 

must be limited to avoid stability problems. 

The important parameter in any control system is the steady-state error that is defined as 

[5.4]: 

ess =1im, ýý e(t) =1ims->o sE(s) 

where E(s) is the error signal in the feedback path. 

Applying the definition to the above AGC system, the position error constant is given by: 

1 
ess = 1- aF(0) 

where F(O) is the DC gain of the F(s) block, and a is the constant factor of the exponential 

law VGA. Thus, in order to maintain the steady state error as small as possible, the DC gain 

of the F(s) block must be as small as possible. The simplest F(s) block that can be used is a 

first order low pass filter. The transfer function is as follows [5.5]: 

F(s) =P 
s +l 
B 

where P is the DC gain of the filter, and B is the bandwidth. Using this expression in the 

equation of the steady state error : 

1 
ess _ 1- aP 
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The total DC output of the AGC system is given by : 

yiDC 

VoDc-1-aP 

It can be seen from the equation that the loop gain, K, must be less than I. 

The transient response of the AGC is simulated for small signal sinusoid, I mV and large 

signal sinusoid, 200mV as shown in Figure 5.4. The result shows that the amplitude of the 

AGC remains constant. 
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Figure 5.5 shows the frequency response of the AGC. The result shows that the output 

gains maintain at 25dB with a cut-off frequency of around 102MHz. If Rf is set to 2.2kg, 

the gain will increase 6dB, but the cut-off frequency reduces to 99.8MHz. This means that, 

as Rf increases the gain increase at the expense of bandwidth. Table 5.1 shows the gain and 

bandwidth variation as Rf is varied. It shows that a 2dB increase in gain gives a large 

reduction in bandwidth. In addition the simulation also shows that, by varying the 

amplitude of the input signal does not have any affect to the gain of the circuit in the 

frequency response plot. 

., 
c .ý 
C7 

1G 

Figure 5.5 AGC circuit frequency responses 
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Table 5.1 Rf versus gain and bandwidth 

Rf (SZ) Gain (dB) Bandwidth (MHz) 

Ik 18.9 260.3 

1.6k 23 140.2 

2.2k 25.8 88.1 

2.8k 27.9 66.7 

3.4k 29.6 43.9 

4k 31 33.2 

5.3 Integration of AGC with bandwidth control circuits frequency response 

analysis 

This section considers the integration of the automatic gain control (AGC) explained in 

section 5.2 with the three adjustable bandwidth design circuits discussed in Chapter 4, in 

terms of frequency response analysis. The first configuration is shown in Figure 5.6, and 

consists of the combination of voltage feedback and current feedback circuits integrated 

with the AGC. The configuration arrangement is to have a transimpedance amplifier at the 

front -end, then the converter input current is fed into the adjustable bandwidth amplifier 

and the AGC amplifier. The aim of this configuration is have the adjustable bandwidth 
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amplifier set the required bandwidth of the front-end, and then to have an AGC amplifier to 

regain any signal level losses occur during the transition from the transimpedance amplifier 

stage and the second stage, adjustable-bandwidth amplifier. 

The frequency plot for Figure 5.6 is shown in Figure 5.7. The first graph is the output 

response taken at point Output2. The overall gain after AGC stage is 54.2dB with an 

adjustment of bandwidth from 44.3MHz to 90.4MHz. The control voltage is between 0.1 V 

to 5V. The second graph is taken at point Outputl, which is the frequency response after 

the bandwidth adjustment amplifier. The gain at this stage is 50.1dB with an adjustment of 

bandwidth between 47.1 MHz to 93.2MHz, for the same control voltage. Finally the third 

graph shows the response at point Output, which is the frequency response after the 

transimpedance amplifier. The gain at this stage is 44.3dB, with a cut-off frequency of 

116.3MHz. The simulated results show that automatically adjusting the gain will have an 

impact on the scope of bandwidth adjustment. In this case an increase of 4.5 dB gain results 

in the maximum adjustable bandwidth range decreasing from 93.2MHz to 90.4MHz, whilst 

the minimum adjustable bandwidth range decreases from 47.1MHz to 44.3MHz. 
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Figure 5.7 Frequency response of Figure 5.6 

The second configuration as shown in Figure 5.8, is the combination of bootstrap 

transimpedance amplifier and voltage feedback amplifier integrated with the AGC. The 

frequency response is shown in Figure 5.9. The gain after the bootstrap transimpedance 

amplifier is 53.3dB with a cut-off frequency of 109.7MHz. Varying Cfiter from 50pF to 1 nF, 

produces a bandwidth adjustment range of 7.5MHz to 104.1MHz. The gain at stage two is 

only 10.4dB. The integration of the AGC with this configuration increases the overall gain 

to 31.1 dB, but the adjustable bandwidth range is only from 9.4MHz to 60.7MHz. 
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Figure 5.9 Frequency response of Figure 5.8 

The third configuration is the combination of dual feedback loop and voltage feedback 

amplifier integrated with the AGC illustrated in Figure 5.10. The overall gain after AGC, as 

shown in Figure 5.11, is 35dB. As the control voltage is varied between 0.1V to 5V, the 

bandwidth adjustment is from 243.5 kHz to 106.1 MHz. The first stage dual feedback loop 

amplifier produces a gain of 58dB with a cut-off frequency of 158MHz. The second stage 

amplifier with low pass filter shows a great decrease in gain, 16.6dB. The bandwidth 

adjustment varies between 246.0 kHz to 117.5MHz, for the same control voltage. This 

result also shows that as gain increases, the bandwidth will reduce for the system. 
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Figure 5.11 Frequency response of Figure 5.10 

Taking the first configuration as a role model, the schematic model of the AGC integration 

with transimpedance amplifier and bandwidth control amplifier is simplified, as shown in 

Figure 5.12. The mathematical equation of the overall system could be derived as follows, 

from equation (4.9) : 

Voutputl voutpull Voutput 

=x= Ip Voutput Ip 

From equation (5.15), 

-AA, RIRG 

(1+A)RG+Rf + jWCdRfRG 

VOB Voutputz 
s= 'co 

°`'B 1- aF(s) Voutputl 1- aF(s) 
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The transfer function for the transimpedance amplifier with bandwidth control and AGC is 

as follows :- 

Voutput2 Voutputl Voutput2 

=x= IpIp Voutputl 

-AA, RfRG 

(l + A)RG +Rf+ jWCd Rf RG 
(1) 
1- aF(jw) 

(5.16) 

where A- gain of 1St stage, Al - gain of 2nd stage, a- factor of VGA, F(s) - filter 

Rf 

Ip 

Figure 5.12 Simplified model of VBA before VGA configuration 

5.4 Bandwidth control and AGC or AGC and bandwidth control? 

In this section the discussion is focused on the circuit configuration for best performance, 

whether the bandwidth control should be before the AGC, or vice versa. To further 

illustrate this matter, the combination of voltage feedback amplifier and current feedback 

amplifier with AGC is chosen as an example. The circuit configuration where the AGC is 
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placed in series with the transimpedance amplifier and the output from AGC is connected 

to the bandwidth control circuit is shown in Figure 5.13. 

C14 
0 luF 

Vin 

C12 
01 uF 

Figure 5.13 AGC before bandwidth control configuration 

The simulated output frequency response of Figure 5.14 shows a difference in the range of 

bandwidth adjustment compared to Figure 5.6. The frequency response at stage one after 

the transimpedance amplifier remains unchanged, with a 44.3dB gain and cut-off frequency 

off 116.3MHz. The gain after the AGC circuit increases to 48.7dB, with a slight reduction 

in bandwidth to 112.3MHz. At point Output2, the frequency response shows that the gain 
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after bandwidth control circuit is 54.2dB. The bandwidth adjustment at this point is 

between 18.1 MHz to 72.2MHz. This shows that the range of bandwidth adjustment has 

shifted to a lower frequency range compared to the variable bandwidth amplifier before 

AGC. 
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5.5 Summary 

This chapter presents the outcome of the frequency response when the composite amplifier 

techniques discussed in Chapter 4 are integrated with an AGC. The results show that each 

configuration has its own advantages and disadvantages in terms of gain and bandwidth, as 

shown in Table 5.2. The noise analysis comparison will be further issued in a later chapter. 

Table 5.2 Composite amplifier circuit with AGC 

VFA and CFA with 

AGC 

BTA and VFA with 

AGC 

Dual loop feedback 

and VFA with AGC 

Gain (dB) Bw Gain (dB) Bw Gain (dB) Bw 

First stage 44.3 116.3MHz 53.3 109.7MHz 58 158MHz 

Second stage 

(Bandwidth adjustment) 

50.1 46.1MHz 10.4 96.6MHz 16.6 117.2MHz 

Third stage 

(Bandwidth adjustment) 

54.2 46.1MHz 31.1 51.3MHz 31 105.8MHz 

The question then arises as to which configuration gives the best performance in terms of 

the variable gain amplifier (VGA) before the variable bandwidth amplifier (VBA) or vice 

versa. The simulated results show that the VBA before the VGA or the VGA before the 

VBA has same gain and bandwidth for the first stage. The VGA before the VBA yields 

bandwidth adjustment in the mid high frequency range while the VBA before the VGA 
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exhibits a much higher frequency range of bandwidth adjustments. Table 5.3 shows the 

comparison result between them. In terms of noise analysis comparison, it will be discussed 

in detail in chapter 6. 

Table 5.3 Comparison between VBA-VGA or VGA-VBA 

VBA - VGA VGA - VBA 

Gain (dB) Bw Gain (dB) Bw 

First stage 44.3 116.3MHz 44.3 116.3MHz 

Second stage 50.1 47.1MHz - 

93.2MHz 

48.7 112.3MHz 

Third stage 54.2 44.3MHz - 

90.4MHz 

54.2 18.1 MHz - 

72.2MHz 
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Chapter 6 

Signal to Noise Ratio (SNR) - Optical Wireless Systems 

6.1 Definition of noise in infrared communication 

6.2 Noise model of a receiver 

6.2.1 Noise current of shot noise and thermal noise 

6.2.2 Relationship between SNR and bandwidth 

6.3 Output noise density of the designed circuits 

6.4 Signal to Noise Ratio module design configuration 

6.5 Summary 

References 

An understanding of the noise is required for a receiver's performance to be precisely 

characterised. The amount of noise present in a receiver will be the primary factor that 

determines the receiver's sensitivity. In this chapter, a review of the definition of noise in 

infrared communication is presented to demonstrate the effects of receiver noise on 

performance. The noise sources that are commonly found in an optical wireless receiver are 

then discussed, including noises that are of optical as well as of electrical origin. Then, an 

equivalent circuit model that will describe the noise performance of the circuits designed in 
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Chapter 3, Chapter 4 and Chapter 5 will be presented. The final part of this chapter is the 

discussion of the developed signal to noise ratio module using multipliers. 

6.1 Definition of noise in infrared communication 

Noise, defined in the broadest practical terms, is any signal present in the receiver other 

than the desired signal or any unwanted disturbance that masks, corrupts, reduces the 

information content of or interferes with the desired signal. In the optical wireless 

communication environment, it is known as "ambient noise". The sources of noise 

available in a receiver circuit are divided into two classes [6.1]: 

i) Intrinsic noise sources arising from fundamental physical effects in 

optoelectronic and electronic devices used to construct the receiver. 

ii) Coupled noise sources arising from interactions between receiver circuitry and 

the surrounding environment. 

In addition, noise in a receiver can be described as either additive or signal-dependent. 

Additive noise is a source of noise that is present whether there is a signal at the receiver or 

not, while a signal-dependent noise is one that is observed only when there is a signal 

present at the receiver. Figure 6.1 illustrates a simple model for an optical receiver, and the 

major contributors to the noise present in the receiver. The received signal, and any optical 
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background that may be present, are photodetected and then amplified in a linear signal 

path. 

Optical background 
iphoto Information 

Received signal 

Photodetector Linear signal path 

Quantum Optical Shot Noise Background Noise 

Received 
Signal Power 

EE) (E )( E 
Ideal Noise Recovered Information Free Receiver 

Photodetector Dark Electronics 
Current Noise Noise 

Figure 6.1 Simple receiver model and noise sources in the receiver [6.1 ] 

The implications of each noise source will be addressed, shown right to left in Figure 6.1. 

Receiver electronic noise consists of three primary components: thermal noise, electronic 

shot-noise, and 
1 

noise. Thermal noise is the type most often associated with receivers. f 

Also known as Johnson noise, it is a result of thermally-induced random fluctuations in the 

charge carriers in a resistance. The power spectral-density for thermal noise is white for all 

frequencies within a defined bandwidth and, since thermal noise inherently results from the 

accumulated effect of large quantity of individual charge motions, it exhibits Gaussian 

statistics. Nyquist showed that the open circuit RMS voltage produced by a resistance R is 

as follows [6.2-6.3]: 
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Vn = 4kTBR (volt rms) (6.0) 

where k is Boltzmann's constant, T is absolute temperature in Kelvin and B is the 

observation bandwidth in Hz. 

Electronic shot noise is that associated with the passage of carriers across a potential 

barrier. This means that any photocurrent in the photodiode will have electronic shot-noise 

associated with it. Based strictly on the characteristics of the noise, it is impossible to 

distinguish between the quantum shot noise arising from photons being detected with a 

photodiode, and the electronic shot noise arising from the photocurrent flowing through the 

junction in the photodiode. Therefore, the total electronic shot noise associated with a 

current, IDC, flowing through a potential barrier is given as follows [6.3]: 

'shot = j2qICB (amps) (6.1) 

where q is the electronic charge, and B is the bandwidth 

1 
- noise has been observed as low frequency fluctuations in the resistance of a f 

semiconductor. In resistors it is called "excess noise" and has been a concern in optical 

receiver design when the receiver is required to have a low frequency cut-off that is less 

than a few tens of MHz. The amount of 
1 

noise present depends on the choice of f 

transistors used in the first stages of the receiver. A Si bipolar transistor's 
1 

noise is 
f 

noticeable in the tens of kHz region. 
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Dark current flows whether the photodetector is illuminated or not, and results from the 

presence of current leakage paths in the photodetector. Since the dark-current in a 

photodiode flows through a p-n junction just as the signal photocurrent does, the dark 

current will also have a shot-noise term associated with it. 

In addition, photodetector thermal noise exists, due to the present of resistance, Rd. The 

impact of photodetector thermal noise will be influenced by the method of termination of 

the photodetector. In a photodiode, the parallel resistance is the junction leakage resistance 

and is typically so large that it and any associated current-noise can be ignored. Then there 

is the generation and recombination noise that results from statistical fluctuation in the rate 

of generation and recombination of charged particles within the detector material. The 

current noise expression for generation-recombination noise is : 

IG_R = 4g2i ((DS + (Db )Ag2B + 4g2Gýhg2B (6.2) 

where (DS is the radiant incident power from the signal, and (Db is the radiant incident power 

from the background, A is detector area, g is photoconductive gain, B is frequency 

bandwidth, and Gth is thermal conductance. 

It is sometimes known as the "twice shot-noise" because it is proportional to 4gIDc. 

The noise in an optical wireless receiver can be influenced by additional non-signal related 

sources of optical energy that fall on the photodetector, namely quantum shot noise and 

optical background noise. Quantum shot noise is the result of the discreteness of photon 

arrivals. It is due to background light sources, such as sunlight, fluorescent lamp light, and 

incandescent lamp light, as well as the signal-dependent source. Since the background light 

148 



striking the photodetector is normally much stronger than the signal light, the dependency 

of noise on the input signal may be neglected and the photon noise can be considered to be 

additive white Gaussian noise [6.4]. The amount of background radiation collected by a 

free-space optical receiver is dependent on the receiver's field-of-view, as well as its optical 

bandwidth. 

6.2 Noise model of a receiver 

Noise model of a Transimpedance Amplifier 

Amplification of low-level signals is a critical function of any receiver, due to the noise 

sources describe in section 6.1. The overall noise performance of an amplifier is related to 

the noise characteristics of the individual devices and components that form the amplifier 

circuit. Two established techniques have been used as indicators of the noise performance 

of an amplifier. The first, known as the noise figure, NF, is simply the noise factor, F, 

expressed in terms of dB ; 

SNRinput 
where, F= and NF =101og,,, (F) (dB) (6.3) 

SNROUtput 

The Friis formula for the overall noise factor for a three stage amplifier combination is 

given by : 

ý+ F-1 F-1 FTota! r-, +2+3 

G, G, G2 
(6.4) 

where F1 and G1 are noise factor and power gain of first stage amplifier 
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F2 and G2 are noise factor and power gain of second stage amplifier etc, and all amplifiers 

are assumed to have the same bandwidth. 

Equation (6.4) shows that if the gain of the first stage is large, the noise performance of a 

cascade of subsystems will be dominated by the noise performance of the first-stage. In an 

optical wireless receiver, the photodetector and the first stages of the amplifier are known 

as the receiver front-end. This will generally be the principal factor in determining the 

overall noise performance and sensitivity of the receiver. Unfortunately, noise figure has 

some drawbacks when used to describe noise performance of amplifiers intended for an 

optical wireless receiver. It is defined using a resistive source, but a photodiode is 

dominated by capacitance, so the magnitude of the source impedance varies with frequency 

in the first stage amplifier in the receiver. Therefore the second technique that overcomes 

the noise figure drawbacks is to model an amplifier using equivalent noise sources, V�(co) 

and I�(w), as illustrated in Figure 6.2 for a receiver consisting of a signal source such as a 

photodetector and an amplifier. 

Figure 6.2 Noise model of amplifier 
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Assuming only amplifier noise, using the noise analysis principles approach discussed by 

Motchenbacher [6.5] and the principle of superposition in linear circuits, the noise power at 

the amplifier output is given by : 

2 V(Co) =1 
no-1 n 

ýýý 
Zf (w) 2 

ý1 +1+ 
Zf (v)ZS ((0) 

}ý 2 
A(w) A(w) 

(6.5) 

(Replacing V�(w) and V�_r((o) as short circuits, where Zf = Rf//Cf) 

Then, the output noise for voltage noise is given by : 

V2 
-2 

(a> =V2 (o> [1 +zf (w)zs (co)] 
[l +1+ 

Zf (0» ZS (w) 
]z 

A(w) A(w) 

(6.6) 

(Replacing I�((o) as an open circuit and V, 
-, 
(co) as a short circuit ) 

Vno-3 (w) =V? 
r (ü0) 

1 
(6.7) 

+1+ 
Zf (w)ZS (0». 

]2 
A(w) A(w) 

(Replacing 1�(w) as an open circuit and V�(co) as a short circuit ) 

The transfer function : 
V"° (0j) 

_- 
Zr (CO) 

(CO) Ip1+ 1+ Zf(w)ZS(w) 

A(w) A(w) 

The total output source and amplifier noise is : 

2Ie ! ý) = 

Vno2 22 

-1 
ýw) +V 

no-2 
ý(0) +V 

0-3 
ýw) 

ql 
rVno 2 
L 
I'(0)) 

(6.8) 

(6.9) 

Substituting (6.5) and (6.6) into (6.8), the simplified equivalent input current-noise : 

j2 (w)I2(w)+V2(){_1 + Zs (W) j+V? 
r 
(w) { 

,1} 
(6.10) 

Z(w) Z(w) 

Since a photodetector is a capacitive current source, ZS(w) = jwCd, setting Zf{ o) = Rf 
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1= In (w) 
1 

eq 
(a) +V2 (CO)« 

2 Rf 
+(>wCdRf)2)+Vn2r(ý)( 

12) 

Rf 
(6.11) 

Equation (6.11) shows that the influence of voltage-noise increases with frequency. The 

detector capacitance acts as high pass filter to the voltage noise sources of the amplifier. At 

low frequencies the contribution of voltage noise to the overall current flowing is small, 

due to the large impedance of the capacitor. At high frequencies, the amounts of circulating 

current due to voltage noise increase because the capacitor's impedance decreases. The 

implications of noises for the front-end of an optical wireless receiver can be summarised in 

Figure 6.3. 

Feedback Element 

I (ý 
P -T Ind 

vn 

}T Cd 

Inb Rd ' In 
Ri 

JFET 
MOSFET 

ci G V 

Figure 6.3 An equivalent noise model of input stage of preamplifier, where Ip is the 

photocurrent, Ind is the detector noise, I�b is the background noise, Cd, Rd are capacitance 

and resistance of a detector, I,,, V� are current noise and voltage noise of a preamplifier, R;, 

C; are input resistance and input capacitance of a preamplifier, G is the voltage gain of a 

preamplifier [6.6]. 
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Assume an optical signal and background noise impinge on the photodetector inducing a 

current in the external load resistor. If Pt is the average optical power, then Ip the 

photocurrent, is given by : 

17gP (a)) 
(6.12) IP (w) =b 

y 

where q is the electron charge, il is the quantum efficiency, h is Planck's constant, and v is 

the optical frequency of the light. 

Therefore, the expressions for the current sources in the models illustrated in Figure 6.2, 

assuming that a PIN photodetector is being used in the receiver, are as follows : 

z 
__ 

z2I 
Total 

0)) I 
neq 

+ 2'ýII 
dk 

+I 
shot 

+12 
nb 

Idk = Idm + Ib 

where Irk is photodiode dark current 

Idm is unmultiplied dark current 

Ib is DC photocurrent due to optical background 

Inb is optical background noise 

(6.13) 

I1eq is equivalent input current-noise from the receiver amplifier including 

photodiode thermal noise 

If the general expression for ITotal(0) is converted to frequency f in Hz, the equivalent input 

current-noise can be expressed as a power series : 
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a 

I Tour (f) =I trot +xjfj (6.14) 
j=-b 

where Ishot is the spectral density of the unmultiplied quantum shot-noise associated with 

the signal, and the coefficients xj may, depending on the details of the receiver and system 

implementation, be proportional to received signal power, optical background, etc. The 
1 
f 

noise has been excluded in the above expression, since the receivers are used at high 

frequencies [6.7-6.8]. In practical cases, equation (6.14) can be limited to [6.9] 

1 Torar (f) =I hot +x + x, f+x2f2 (6.15) 

From equation (6.15), a figure of merit for an optical wireless receiver can be defined and 

used to describe the noise performance of the system, by assuming the amount of signal 

related quantum shot noise is essentially constant, 

1 Torar (f) =I hot + 12vr (. f) (6.16) 

1 2shot is unmultiplied quantum shot-noise associated with the signal, and I2rc,, (f) is the 

equivalent input current noise due to all other noise sources present in the receiver. 

Parameter K(f) is indicative of the difference between the receiver's total equivalent input 

current noise density, and the noise-density due to the quantum shot noise of the signal as : 

'Total (J ý 

l12 Ishot 

12 2 (f 
shot 

+I 
rcvr `J 

shot 

(6.17) 

Using equation (6.10) to describe the amplifier noise, and equation (6.13) to describe 

photodetector noise, the signal photocurrent and dark current, then the equivalent input 

current-noise at the receiver's input is given by :- 
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ITotal (CO) 
=1 

2( 
0 »+ Vn2 (ý) 

l 

12 
+ Zs 2 (ý)} 

I+ 

Z (6.18) 

V? 
r(w){ 

12 
I+Ih-Rd +2gldk +I hot +l b Zf 

where ZS((O) = jwCd, ZK(o) = Rf, neglecting Cf, I h_Rd = 
4kT 

,V? r 
(co) = 4kTR f Rd 

Assuming that the receiver is illuminated by a signal with a constant power level Pt, and 

ignoring any optical background, the equivalent input current noise density is : 

ITorar ýw) = In +V2{ 
12 

+ [JwCdR f ]Z }+ 
4kT 

+ 
4kT 

+ 2gldk +J2 hot Rf Rf Rd 

12 2 
Total 

(f) =l hot + x0 + 
'x2 J2 

where x0 = In +V22+ 
4kT 

+ 
4kT 

+ 2gldk 
Rf Rf Rd 

X2 =Y 
n2 {47z2C2R2 } 

(6.19) 

From equation (6.16), the degradation from the quantum shot-noise limited current density 

is then given by : 

Iz fz 
x =10 log Shot +X 2 +X 2 dB (6.20) 

I 
shot 

The total equivalent input current noise is : 

M 00 co 

I Total =1 
shat 

Ji 
H, 

t 
(J) IZ df + xO fl H, 

t 
(f) 12 df + x2 fl 11 t 

(f) IZf2 df (6.21) 

000 

where Ht(f) is the amplitude normalized frequency dependent portion of the overall receiver 

transimpedance, given by Ht(f) =1 

0 

for0<f<B 

forf>B 
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The signal-to-noise ratio for a quantum shot-noise generated by the ambient environment 

with a transimpedance amplifier is as follows : 

Wpt 2 
I2 

SNR =p=hv (6.22) 
00 00 00 00 Jotal (. f )df 2q 17q JJ H, (f) 2 df + xo fi Ht (f) 2 df + X2 Ji H, (. f) 2 

.f2 
df 

0hv000 

and the signal-to-noise ratio for a quantum shot-noise generated under constant illumination 

with a transimpedance amplifier is given by : 

I2 
SNR =p= : 

J1oiai ( f)df 

SNR = 

SNR = 

ý17gP 
by 

00 00 00 

2q 77q PJ Hr(f)12 df +xo Ji H, (f)12 df +x2 Ji H, (f) 2f 2df 
000 

(17gP by 
3 

2gi7qPB+xoB+x2B 
by 3 

for noise bandwidth, B. 

(R)2 
2gRPB+(I�2 + 

Vz 
+ 

4kT 
+ 

4kT 
+2gldk)B 

Rf Rf Rd 

)B3 V2(4 r 2C2Rf2 

3 

(6.24) 

(6.23) 
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6.2.1 Noise current of shot noise and thermal noise 

The shot noise current, Ishot, of a photodiode, and the thermal noise current, Ith, of a resistor, 

as discussed in section 6.1, are compared in the plot shown in Figure 6.4 and Figure 6.5 for 

/4kTB 
a bandwidth of, B=100Hz using equation (6.0), 'ih =R and equation 6.1, 

Ishot = 2gIpB . Assuming q is 1.6x10-19, k is 1.38x10-23and T is 273K. 

The plot concludes that, as photodiode current, Ip, increases, shot noise increases while 

thermal noise decreases with an increase in resistance. 

A Hz 
6.00E-10 

Shot Noise versus Ip 
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0.00E+00 

Shot Noise current 

1.00E-08 1.00E-07 1.00 E-06 1.00 E-05 1.00E-04 1.00E-03 1.00 E-02 

Ip(A) 

Figure 6.4 Plot of Noise current for shot noise 
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Thermal Noise versus Resistance 
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Figure 6.5 Plot of Noise current for thermal noise 

6.2.2 Relationship between SNR and bandwidth 

A simplified relationship between the noise figure for an amplifier and the voltage-noise 

current noise model is [6.10] : 

4kTRs + Vn2 + In Rs 
NF =101og 4kTRs 

(6.25) 
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For the case of V� =0 and a 1.0dB amplifier noise figure at room temperature 273°K with a 

50Q source resistance RS, the current-noise, I� is 8.83pA/ Hz calculated from equation 

(6.25). Figure 6.6 illustrates the signal current and the degradation from the quantum shot 

noise limited current density during illumination, for a receiver using equation 6.12, 

I2 _ (17g1 ')'and 
sI hog = 2q ? 7q PB, assuming a p-i-n photodiode with quantum efficiency 

by by 

of 80% at wavelength 1.55 microns, the receiver rolls off above 100MHz. The noise- 

bandwidth of this single-pole response is 
2 greater than the 3dB bandwidth, or 157MHz. 

Ip and Ouantum Shot noise versus Received Signal Power 

Received Signal Power (dBm) 
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Figure 6.6 Ip and Quantum shot noise versus Pt 

+Quantum shot noise 

-a- Ip 
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The graph shows that the detected signal power varies as the square of the optical signal 

power and quantum shot noise is evident for received signal powers approaching OdBm. 

Figure 6.7 illustrates the relationship between SNR and bandwidth from equation 6.23, 

assuming Pt = 5mW, Idk = InA, Rf = 1k J and Rd = 1MQ for two cases, when V,, = 0, I� = 

8.83pA/ Hz and V� = 31.6µV/ Hz and I� = 8.83pA/ Hz . 

Signal-to-Noise Ratio versus Bandwidth 
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Figure 6.7 Relationship between SNR and bandwidth 

tS/N (Vn=O) 
f S/N (Vn=31.6e-6) 

The graph shows that the terms proportional to the square and cube of the receiver 

bandwidth are the limiting factors in achieving low-noise performance, especially at the 

high frequency range. Thus, during the design of low noise optical wireless receiver, every 

effort centres on making the coefficients x2 as small as possible. 
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In real cases the signal-to-noise ratio, including optical background noise, from equation 

(6.23), is defined as : 

SNR = 
(RP)2 

z 
2gRPB 2 +V + (I� 2 Rf 

+ 
4kT 

+ 
4kT 

Rf Rd 
+2gldk+IbýB+ 

v2(47ZCd2 2 Rf)B3 

3 

(6.26) 

and if an input signal contains noise, the signal-to-noise ratio could be defined as follows : 

SNR = 
S+N S 

-+1 NN 

6.3 Output noise density of the designed circuits 

(6.27) 

In this section, the discussion is focussed on the noise analysis on each of the designed 

preamplifier circuits. The analysis is facilitated by the consideration of the input equivalent 

noise voltage and noise current. Bipolar junction transistors (BJTs) and field-effect 

transistors (FET) are one of the key building blocks of electronic amplifiers. The noise 

sources present in both the components have been extensively studied [6.5,6.11-6.13]. The 

small-signal model for the FET and the BJT are shown in Figures 6.8 and 6.9 respectively. 

To simplify the analysis of the FET, direct effects from the gate-drain feedback capacitor 

will be ignored. This is usually valid, since in most devices the gate source capacitance is 

approximately ten times the gate drain capacitance [6.10]. 

For the BJT, the base spreading resistance, r,,, accounts for any resistance between the base 

terminal contact and the actual active base region of the device. The base current and 
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collector current shot noises are accounted for by two noise current generators ibBJT and 

icBJ'F. The resistances r, rN, and ro are dynamic resistances, they do not dissipate energy and 

do not contribute thermal noise. In this analysis, secondary effects that are introduced by 

the internal feedback r,,, and Cµ will be ignored for simplicity. C., is composed of two 

contributions from the space charge in the emitter junction and the diffusion capacitance of 

the emitter junction that increases with emitter current. 

S d 

Figure 6.8 FET small-signal model 

Cµ 

b 
C 

e 

Figure 6.9 BJT small-signal hybrid-7r model 
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Case a: Transimpedance amplifier with FET voltage control filter 

In this case, the FET is used as a voltage control resistor in parallel with capacitor, Cp 

connected to a transimpedance amplifier using a BJT as shown in Figure 6.10. 

Rf 

vo 

Ip 

Figure 6.10 Circuit Noise Model for case (a) 

Therefore in this analysis the noise related to RFET is defined as, 

22 
8kl gm 

I 
FET 

inrd + Mrs +3 
4kT 

(r(J +r5) 

8kTg, 
n (6.28) 

3 

where the last term is the channel thermal noise. 

The equivalent noise current and noise voltage generators for BJT operating in the common 

emitter configuration are given by [6.11-6.12] 

V�2 (f) -1 rzglbBJT (f c) + 4kTrr + 2gIcBJT e2 (6.29) 
2f 

I, ý (f) = 2q'b T (. 
f`) 

+ 2gIhBJT + 2glcaJT (f )2 (6.30) 
f 
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where IcBFr is DC collector current, IbBJT is DC base current, re is dynamic resistance of the 

emitter =(1/gm), ff is 1/f corner frequency, ft is transition frequency 1 
2 %rr C 

Therefore from equation (6.30) and Figure 6.9, the total input current noise density for the 

BJT based front-end with FET as voltage control is : 

2Z 
4kT 1+(27r(Cd +Cp)Rf)2 

2 I 
Tota11({1'ý =I 

shot 
+ 2gIdk +R+ 2g1hBJT + 4kTrX [Rf 

dj 

2 
1+(2zr(C, 

t +Cd +CP)RT)2 2 4kT 4kT 8kTg 
+2q(IcBJT +I82BJT)re [ 

(RT )Z 
If +R+ 

(rd +rs) 
+3 

r 

(6.31) 

where RT=Rf//r, 

Figure 6.11 shows the simulated input and output noise density for case (a). 
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120 000n 
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ONOISE 
F (Hz) 

Figure 6.11 Input and Output noise density for FET Voltage control filter and 

transimpedance amplifier 
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Since collector current is related to base current by the DC current gain, 0 as IcBJT-ß'bBJT 

and dynamic resistance is re =1 -- 
1 

gm q I 
cBJT U 

Equation (6.31) can be rewritten as follows : 

Z2 4kT 2q 1+ (27z(Cd +Cp )R f) 
2Z 

I Torar( )=I 
shot + 2gldk +R+I cBJT + 4kTrX [Rz ]f 

df 

V2 1+(2r(C, +Cd +Cp )RT)2 
2+ 4kT 4kT 8kTg,,, 

+ 2q 
IcBJT 

[ 
(R T)2 

if 
Rf 

+ 
(rd+ rs) 

+3 

= 
VT 

,U where Vt = IcBJT 
q 

where RT=Rf//r,, and shot noise current from Ib2BJT is negligible 

(6.32) 

The input noise density graph shows high noise distortion in the high frequency region, 

indicating that this circuit would be seriously affected by noise if operated at that region. 

This circuit has an output noise density of around 50nV/ Hz from low frequencies to 

2MHz, where the output noise starts to increase rapidly. The graph also shows that, varying 

the voltage FET to control the bandwidth adjustment does not have any effect on the output 

noise density. 

Case (b): Transimpedance amplifier with external voltage control 

In this case the external voltage control source, via a Darlington combination, is fed into Q3 

BJT transistor of the transimpedance amplifier. Considering the input current noise density 

from the external voltage,: 
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j2 
n(external) 

(f) 
= 

4kT 
Reontrol + RS + rX 

+ 2gIbBJT + 2gI, BJT e2 (2 
,, 

)2f2 (6.33) 

Then considering the input current noise density from the BJT transimpedance amplifier : 

Z2 4kT 1+(21r(Cd +Cf)Rf)2 
+I +4kTr [ -If 2 IBJT(f ) Ishot +2q'dk + cBJT ýxR2 Rd 

(6.34) 

+2q 
V2 

[1+(21r(C, ý +Cd + Cf)RT)Z 
2 

z I 
cBJT 

(RT ) 

where RT=Rf//r,, 

Therefore from equation (6.33) and (6.34), the total input current noise density is : 

I, 2 22 
Total"\l 1- (externaj 

+IBJT 

Z ýj 2 4kT 2q 1+ (2ý(Cd +C f )R f) 
2 
Jf 2 

R 
(6.35) InTotal" = 'shot+2gldk ++ß IcBJT+4kTrx[ 

R2 Rd 
j 

V2 I+ (2; 7(C,, +Cd +C)RT)2 2 4kT V2 f 
I)2 f2 +2q ]f ++ -%ý IcBJT+2q t (2nC 

cBJT (RT)2 
Rcontrol + Rs +r, 

NI cBJT 

Figure 6.12 shows the simulated input and output noise density of case (b). The input noise 

density graph shows noise distortion at low frequencies from 1 OnV/ Hz to 1 nV/ Hz , due 

to 1/f noise and high frequency as the external voltage is varies. This circuit has an output 

noise density at around 7nV/ Hz at low frequencies until after 3MHz, when the output 

noise increases according to the external control voltage. The bandwidth adjustment taken 

at frequency 10MHz has an output noise density which varies from 11 nV/ Hz to 

8nV/ Hz as the external voltage varies from 3.5V to 9V. As the frequency range goes 
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higher the effect of the noise becomes larger. The bandwidth adjustment taken at frequency 

30MHz shows that the output noise density varies from 12nV/ Hz to 21nV/ Hz for 

voltages from 3.5V to 9V. 
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Input and Output noise density for transimpedance amplifier with external 

voltage control 

Case (c): Bootstrap transimpedance amplifier with adjusting capacitor 

In case (c), the feedback of the transimpedance amplifier is taken in between capacitor, Cp 

and resistor Rea. The feedback impedance (Rf in parallel with the parasitic Cf) has been 

referred back to the input, as such that the input impedance is equal to Rp//Cd//Cf//Cp. 

Therefore the input equivalent noise current density based on equation (6.30) is : 
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2 J2 
4kT 2q 1+(27r(C1 +Cf +Cp)Rf)2 2 InTolaFC/ lshor +2lldk +R+ IcBJT+4kTt [ 

R2 
`ý f (6.36) 18 

y2 1+(27C(C,, +Cd +Cf +Cp)RT)2 
2 

+ 2q [2 if 
I 

cBJT 
(RT ) 

where RT=Rf//r, 

Figure 6.13 shows the simulating input and output noise density for case (c). 
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Figure 6.13 Input and Output noise density for bootstrap transimpedance amplifier with 

adjusting capacitor 

With the bootstrapping technique the input noise density is almost 3nV/ Hz until, after 

2GHz, the noise increases to 29nV/ Hz . The bandwidth adjustment range output noise 

density is between 5nV/ Hz to 5.5nV/ Hz , 
for values between IOpF to IOuF for Cp. The 

highest output noise density is 6nV/ Hz at a frequency of 1GHz, using a capacitance of 
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1pF. The 3dB bandwidth for a capacitance of 1pF is only 233MHz which means that the 

output noise density at that point is only 5.7nV/ Hz . 

Comparing the three methods of cases (a), (b) and (c), the bootstrapping technique is the 

method that exhibits the lowest output noise density. 

Case (d): Combination of voltage feedback amplifier (VFA) and current feedback amplifier 

Cam) 

In this case, the noise performance is evaluated using the noise figure method as discussed 

earlier. From equation (6.4), F1 can be written as follows : 

_ 
SNRin 

-r F' 
SNRoUt 

L 

Sin 

Nin 
GxS1n 

G(N, 
n + Namp ) 

]=1+Namp 
Ni,, 

(6.37) 

Figure 6.14 illustrates the circuit noise model for a composite amplifier configuration, 

where a VFA is connected in series with a CFA which has bandwidth control capabilities. 

The gain set for the LMH6624 as in Chapter 4, G, is - Rf 
=- 

500 
= -10 and for the 

RG 50 

LMH6732, G1 is [1 + 
R f ]=[l+lk2. 
RG lk 
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Figure 6.14 Circuit noise model for case (d) 

The calculated LMH6624 noise figure is as follows: 

Ni, = 4kTRG Volts2 

0 

NLMH6624 = V2 (1 +R G)Z + In (R, + 
RI RG)2 

+ 4kTR, (1 + 
RG 

)2+ 4kTRG + 4kTRF (RG) Z Volts2 
RF RF RF RF 

From the data sheet [6.14]: Vn2 = 8.46e -19V / Hz and In = 5.29e - 24A / Hz , 

R1=90Q, Ro=50Q and Rf=500SZ : Ni,, = 7.53e-19 Volts2 and NLMH6624=3.54e-18 Volts2 

Therefore FLMH6624 =1 + 
NLMH6624 

= 5.7 
Nin 

The calculated LMH6732 noise figure is as follows : 

Ni, = 4kTRo Volts2 where Ro is the output impedance of the LMH6624 

N=V2+ 12 +12( 
RF R2 

)2+ 4kTR ( 
RF 

)2+ 4kTR ( 
R2 

)2 Volts2 LMH6732 nnnR 
+R 2R RFF R +R F2F2F2 
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From the data sheet [6.15]: V2=7.05e -17V / Hz and In = S. le - 23A / Hz 5 

R2=1 W, RO=500SZ and Rf= 1 kS1 : 

Therefore FLMH6732 =1 + 
NLMH6732 

Nin 

Ni,, = 7.5e-18 Volts2 and NLMH6732=9.8e-17 Volts2 

=14 

The total noise figure, NF Total = FLMH6624 + 
FLMH6732 

-1=5.7 
+ 

14 -1 =7 G 10 

NFTotal (dB) =10log(7) = 8.5dB 

Therefore the input equivalent noise current density is : 

4kT NF0 °`°' 1 Z 10 222 I Totai' (f) = Rd 
10 f+ Vn { 

R2 
+ [jwCd Rf]}f+ 

4kT 
+ 

4kT 
Rf Rd 

2gldk + I2 
shot 

(6.38 

Figure 6.15 shows the simulating input and output noise density for case (d). 
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N 

O 
O 
I- 

> 

Figure 6.15 Input and Output noise density for voltage feedback amplifier and current 

feedback amplifier 
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The composite amplifier configuration shows a low input noise density from low 

frequencies to 200MHz, after which it increases from 5nV/ Hz . The output noise density 

is 1.2µV/ Hz at low frequencies for a bandwidth control voltage of 0.1 V. It decreases to 

1 µV/ Hz for a bandwidth control voltage 5V. The high noise results probably due to the 

effect of 1/f noise. The overall output noise density decreases until 35nV/ Hz throughout 

the mid and high frequency ranges. At frequency between 20MHz to 70MHz, the output 

noise density varies between IOnV/ Hz to 30nV/ Hz due to the bandwidth adjustment 

function. 

Case (e): Combination of boostrap transimpedance amplifier and voltage feedback 

amplifier (VFA) 

Case (e) will be a combination of a bootstrap transimpedance amplifier as discussed in case 

(c), without the adjusting capacitor, Cp, but with the voltage feedback amplifier discussed in 

case (d). Therefore, the feedback impedance (Rf in parallel with the parasitic Cf) has been 

referred back to the input, such that the input impedance is equal to Rf//Cd//Cf. The gain set 

for the voltage feedback amplifier is - Rf 
= -1000 

_ -20 and the calculated noise figure 
RG 50 

for the voltage feedback amplifier will be 2.6, where, Rf = 1kg, R1=25S2 and RG=500. 

Therefore the input equivalent noise current density, based on equation (6.36) and 

: NFLMH6624 is 
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= 
4kT 

NFLMII6624 

P {'ý 2 10 f I 
nTotalC(J /I shot 

+ 2CýIdk + 
Rd 

+2Cý 

V2 
[l+(27r(Cý 

+Cd +Cf)RT)2 
]f 2 

2 I 
cBJT 

ART ) 

where RT=Rp//r, 

2q 1+ (27r(Cd +Cf )R f) 
22 

+ IcBJT +4kTrr [ If 
R2 r 

Figure 6.16 shows the simulated input and output noise density for case (e). 
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Figure 6.16 Input and Output noise density for bootstrap transimpedance amplifier with 

voltage feedback amplifier 
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The input noise current density shows a flat 380pV/ Hz from 1Hz to 1 0GHz and starts to 

increase. In simulation the output noise density, shows a flatness of 1.1nV/ Hz from 1Hz 

to 80MHz, when it starts descending according to the capacitor value which adjust the 

bandwidth. The simulated results also showed that the output noise density remains 

constant during the bandwidth adjustment process. 

Case (f): Combination of dual feedback loop amplifier and voltage feedback amplifier 

VFA 

The noise analysis for case (f) for the voltage feedback amplifier is identical to case (e) in 

terms of component value used to integrate with the dual feedback loop amplifier. In this 

analysis, secondary effects that are introduced by the internal feedback rµ and C. will be 

ignored for simplicity, and the base current and collector current shot noises are accounted 

for by two noise current generators, 1bBJT and 1cBJT" The equivalent input current noise 

density expressions, referring to Figure 6.17 for the dual feedback loop, are as follows ; 

In (dual) (f) = 2R'b1BJr + 4kT(r 1+ 27zL1)[ 
1+(2)zR2CdRf 1) 

2 
If 2 

fl 

+ 2I +I )r2[1+(21r(CT +Cd)RTI)2 ]f, 2 + 
4kT 

(6.40) q( 
c1BJT b2BJT el (RT1)2 R1 

+4kT(rr2 +27rL2)[ 2 
]f2 +2gIc2BJT ez[ 

1 
]+ 

4kT 
Rf2 RT2 Rf2 

where RT 1=Rfl //r,, 1, RT2 = Rf2//r, c2 
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The total input current noise density is : 

I 
nTotal 

f(f)=12 
n(dual) 

+J2 
n(LMH6624) 

4 %_T 
NFLMH 

6624 

InTotalf(J) I hot +2gldk + 
Rd 
/t1 10 10 f+q Ic1BJT 

+4kT(r1 +2irL, )[ 
1+(27C(/Rf, ) 2 

if 2 
R2 f, 

+2q 
1+(21r(C +Cd)RT, )2 

if 2+ 4kT 
[ 

Ic1BJT (RTI)2 RfI 

L 

+4kT(rx2 +2irL2)[ 2 
]f2 +2q t2 [1 ]+ 

4T 
Rf2 Ic2BJT RT2 Rf2 

where shot noise current from Ib2BJT is negligible 

Ll 
b -a1 

(6.41) 

Figure 6.17 BJT small-signal hybrid-7r model with series inductor 

Figure 6.18 shows the simulated input and output noise density for case (f). The input noise 

density shows distortion, due to the voltage control that sets the array of capacitors. The 
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input noise density is around 225pV/ Hz from low frequency until 10MHz, the 

fluctuation of noise density between 184pV/ Hz to 385pV/ Hz starts to occur 

throughout the high frequency range.. 

2 250n 
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Figure 6.18 Input and Output noise density for dual feedback loop amplifier with voltage 

feedback amplifier 

The output noise density for case (f) shows a constant value of 1. OnV/ Hz , with a slight 

peak to 1.1 nV/ Hz at frequency between 20MHz to 50MHz. These simulated results 

predict that there is no change in output noise density, during the bandwidth adjustment 

process. 
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Comparing the three composite methods of cases (d), (e) and (f), bootstrapping and the dual 

feedback loop technique exhibit the lowest output noise density. Another observation is that 

in case (e) and case (f), the output noise density, tends to decrease as the frequency 

increases, possibly due to the low pass filter configuration which was set to implement the 

bandwidth adjustment function. 

Combination of composite amplifier technique with automatic gain control 

This section presents the noise analysis for the circuits discussed in Chapter 5. The gain for 

the AGC circuit, as calculated in Chapter 5, is 10. Assuming the AGC is driven by a 

voltage source with a source resistance of 5052. 

Therefore the noise delivered to the input of the AGC is 

NinACC = 4kTRs = 7.53e -19 . 

The AGC voltage noise is 

N =V2 +I2 +I2( 
RFRG 

)2 +4kTR (_RF )2 +4kTR ( 
RG 

)2 =1.97e-17. ampACC """R+RGR+ RG R+R FGFGFG 

where from the data sheet [6.16]: V2 =1.9e -17V / Hz and I�, ' = 6.76e - 24A / Hz , 

Rci=10052 and Rf=-1 M 

F =1+ 
NampAGC 

_ 
27 

ACC NinAGC 

Figure 6.19 shows the input and output noise density for the AGC circuit. The simulated 

input noise density is around 6µV/ Hz , whereas the output noise density is almost 
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114µV/ Hz . The results show that the main contribution of noise for the AGC is mainly 

from the low frequency range or flicker noise. 
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Figure 6.19 Input and Output Noise density for AGC circuit 

The following figures, 6.20 to 6.22, show the simulated output noise density versus 

frequency for the three configurations discussed in Chapter 5. The simulated output noise 

density is taken at the output of the AGC system. All the three figures show high output 

noise between 10Hz to 1 kHz. The output noise for the combination of VFA and CFA 

amplifiers as shown in Figure 6.20 is around 0.971V/ Hz , 
decreasing to 0.15µV/ Hz at 

2k Hz, and the value is maintained until a peak at the cut-off frequency. The combination of 

BTA and VFA amplifier exhibits the highest output noise density, 13.3µV/ Hz , 

decreasing to 1.6µV/ Hz at 2k Hz, and it further reduces after 10MHz, as illustrated in 

178 



Figure 6.21. The dual loop feedback and VFA combination, shows an output noise density 

of 3.7µV/ Hz . At 2kHz, the output noise density is 0.5µV/ Hz decreasing to 

0.091V/ Hz after 10MHz as illustrated in Figure 6.22 

Figure 6.20 Output noise density for composite VFA and CFA amplifier with AGC 
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i 

Figure 6.21 Output noise density for BTA and VFA amplifier with AGC 
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Figure 6.22 Output noise density for dual loop feedback and VFA amplifier with AGC 

Figure 6.23 shows the simulated output noise density for the AGC before the bandwidth 

control. The output noise density for this configuration is 2.0µV/ Hz at 10Hz, gradually 

dropping to 0.2µV/ Hz at 2kHz. Compared to Figure 6.20, the AGC before bandwidth 

control exhibits higher noise. 
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Figure 6.23 Output noise density for AGC before bandwidth control 
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6.4 Signal to Noise Ratio module design configuration 

This section describes a circuit capable of measuring signal to noise ratios (SNR) 

developed for infrared applications using a multiplier. In theory the multiplier is based on a 

classic form, having a translinear core, supported by three (X, Y, Z) linearised voltage to 

current converters and the load driving output amplifier as in Figure 6.24. In general terms 

the multiplier provides a function of : 

W_ 
(XI -X 2)(Yl - Y2) 

+Z (6.42) 
U 

where the variables W, U, X, Y and Z are all voltages. When connected as a simple 

multiplier, with X= X1-X2, Y= Y1-Y2 and Z=O, U= IV, the output expression will be as 

follows : 

W=XY 

xl 
X2 

Yt 

Y2 

(6.43) 

W OUTPUT 

Z INPUT 

Figure 6.24 Block diagram of a multiplier 

The SNR measurement circuit as shown in Figure 6.25(a) and Figure 6.25(b) is responsible 

for the dynamic calculation of the signal to noise measurement at the front-end's input. 

This signal to noise ratio is proportional to the ratio of the power of the input signal (Ip) and 

optical noise power presented in the photodetector, (I�). This noise current is roughly 
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proportional to the photodiode current. The circuit implementation is the ratio of the signal 

2 

after the transimpedance amplifier squared amplitude to the squared noise, 
V2 

, where Vo is 
In 

proportional to Ip and In = 2gIxB (q is the charge of the electron, 1, is the noise current in 

the photodetector and B the bandwidth). 

The SNR circuit measurement presented consists of three multipliers and one divider, 

implemented with a multiplier in a feedback loop. The divider is used to execute the 

necessary division (1) and the three multipliers are used to achieve the squared SNR 
n 

result. The front end of the SNR circuit consists of two bandpass filter to implement the 

desired "average" measure of the SNR. 
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Figure 6.25(a) First part of SNR measurement circuit 
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Figure 6.25(b) Second part of SNR measurement circuit 

As seen in Figure 6.25(a), the circuit consists of a bandpass filter where its cutoff frequency 

is between 10MHz to 60MHz. There is a multiplier, U1 which squares the input signal, Ip, 

which has been converted to Vo by the front-end transimpedance amplifier. Multiplier, U2 

multiplies the input signal, V02 with the noise signal, 
12 

from multiplier, U4. The output In 

result of U2 is amplified by an amplifier U8, where its gain has been set to 2. The output of 

U8 is connected to an AC to DC converter, as in Figure 6.26. 

Figure 6.25(b) also consists of a bandpass filter, but with a cutoff frequency between 200Hz 

to 5MHz. Multiplier, U3, performs the noise square function, I'. Reference voltage, Vacs, 
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is set to IV has been connected to the output of the multiplier, U4. An amplifier, U7 is used 

as a feedback loop for multiplier, U4 to perform the function, 2. 
The cutoff frequency 

In 

range for this bandpass filter is based on the assumption of taking the frequency range 

which has a moderate level of noise. Referring to the research work by Boucouvalas [6.17] 

and Moreira [6.18] that wireless indoor infrared communication systems are affected by 

noise and interference induced by natural and artificial light sources, there are four distinct 

classes of artificial light sources interfering devices being identified. : 

Class I: Incandescent lamps that produce narrow band interfering signals which are very 

strong and difficult to reduce by optical filtering due to their broad optical spectra and 

extends to the infrared region. It is in the region of 100Hz to 2 kHz. 

Class II : Low frequency fluorescent lamps driven by conventional ballasts that also 

produce very strong interference with spectra extending up to several kHz (500kHz). 

Class III : High frequency fluorescent lamps geared by electronic ballasts that produce 

lower amplitude interference but whose spectra is very broad, extending to more than 

I MHz. 

Class IV : Tungsten lights, TV remote controls and IR headphones are additional sources of 

noise affecting low frequencies up to 100kHz, 6MHz and 15MHz. Therefore knowledge of 

the environment in which wireless infrared links operate is paramount for setting the 

specification for optimum link performance. 

Figure 6.26 shows a fast AC to DC converter, which converts the output voltage from 

amplifier, U7. The output positive rectifier DC voltage is then inverted into negative DC 
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voltage by amplifier, X3, set to have a gain of 1, since the amplifier bandwidth adjustment 

voltage control accepts negative DC input only. 
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Figure 6.26 AC-DC converters with inverting amplifier. 

Figure 6.27 illustrates an example behavior of the SNR measurement circuit with a 

sinusoidal input signal at 10 kHz. The transient responses shows the multiply and divider 

signal of each section of the SNR circuit. As seen from the transient response Q3 and Q4 

output is the square of the input frequency Ql and Q2. Q6 is the inverse of the input 

frequency of the division. 

Figure 6.28 illustrates an example behavior of the input signal of the SNR measurement 

circuit versus the output of the SNR measurement circuit after the AC-DC converters with 

inverting amplifier. The transient responses show a very small output variations from 

-2.937V to -2.925V. 
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Figure 6.27 Simulated transient responses for the SNR circuit 
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Figure 6.28 Simulated transient responses for the input SNR versus output SNR 
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6.5 Summary 

This chapter has discussed the noise performance analysis and simulation of the three 

techniques of transimpedance amplifier in Chapter 3, the three composite amplifier 

techniques in Chapter 4, and the three integrations of the composite amplifier with the AGC 

in Chapter 5. Comparing the three transimpedance amplifiers in Chapter 3, the bootstrapped 

transimpedance amplifier with adjusting capacitor has the lowest output noise density. 

In terms of the composite amplifier technique, the bootstrapped transimpedance with 

voltage feedback amplifier, dual loop feedback amplifier, and voltage feedback amplifier 

exhibits an identical output noise density. Table 6.1 tabulates a summary of the six 

designed techniques. 

Table 6.1 Summary of the output noise density for the six designed techniques 

Designed circuits Output noise density 

TIA with FET voltage control 50nV/ Hz 

TIA with external voltage control 8nV/ Hz -11 nV/ Hz 

Bootstrapped TIA with adjustable capacitor 5.5nV/ Hz 

Combination VFA and CFA 1OnV/ Hz to 3OnV/ Hz 

Bootstrapped TIA and VFA 1.1 nV/ Hz 

Dual feedback loop amplifier with VFA 1.1nV/ Hz 
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Table 6.2 summarises the output noise density for the circuits discussed in Chapter 5. The 

results show that, after AGC integration, the output noise increases, compared to the 

situation before integration. 

Table 6.2 Summary of the output noise density for composite amplifier with AGC 

Designed circuits Output noise density 

VFA and CFA with AGC 0.97µV/ Hz 

BTA and VFA with AGC 13.3 µV/ Hz 

Dual loop feedback and VFA with AGC 3.7µV/ Hz 

The simulated results show that VBA before VGA yields a better noise output density as 

shown in Table 6.3. Therefore in terms of noise comparison, the VBA before VGA is the 

better configuration. 

Table 6.3 Comparison of output noise density between VBA-VGA or VGA-VBA 

Method configuration Output noise density 

VBA - VGA 0.97µV/ Hz 

VGA - VBA 2.0µV/ Hz 

In order to demonstrate that VBA before VGA is the better configuration a simple 

mathematical calculation using the noise figure is calculated as below using the value of 

noise figure calculated earlier of this chapter and the result plotted in Figure 6.29. 

where, FLMH6624 = 5.7, FLMH6732 = 14, FAGC = 27 
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Chapter 7 

Receiver fabrication and practical implementation setup 

7.1 Hardware design documentation and setup 

7.2 Experimental results 

7.3 Summary 

References 

This chapter discusses the implementation details and presents the experimental results of 

one of the proposed designs that were implemented to demonstrate the feasibility of the 

infrared preamplifier receiver approach. The considered design presented is the 

combination of voltage feedback amplifier (VFA) with current feedback amplifier (CFA) as 

the bandwidth adjustment amplifier. Connected as a composite amplifier configuration, 

these amplifiers are then integrated with an automatic gain control (AGC). The signal-to- 

noise module is also implemented as the module which controls the bandwidth amplifier. 
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7.1 Hardware design documentation and setup 

A simplified block diagram of the transmitter and receiver front-end is shown in Figure 7.1. 

The signal path consists of a laser diode bias T- PCB and the proposed voltage feedback 

transimpedance amplifier, followed by the current feedback bandwidth adjustment 

amplifier integrated with the automatic gain circuit. Additional circuitry is the signal and 

noise bandpass filter connected to the signal-to-noise ratio module which is linked to an 

AC-DC converter. The output of the AC-DC converter is converted to a negative voltage 

by the inverting amplifier. The output of this amplifier is connected to the current feedback 

bandwidth adjustment amplifier, via pin 8. 

Transmitter 

Laser diode 
Bias-T 

Photodiode 

Transimpedance 
Amplifier 
(VFA) 

Bandwidth adjustment 
Amplifier 
(CFA) 

Automatic 
Gain Control 
Amplifier 

output 

Signal 
bandpass filter 

Noise 
bandpass f der 

Signako-Noise AC-DC Inverting 
Module Converter Amplifier 

Figure 7.1 Simplified block diagram of the transmitter-receiver frond-end 
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Transmitter 

The transmitter consisted of a red laser diode, operating at a wavelength 63 5nm with a light 

output power of 6mW. The laser diode was first connected to a laser diode constant current 

driver, the LD1255. The LD1255 function is to get the laser to operate in CW mode. Then 

the laser diode was disconnected from the LD1255, and connected to the laser diode bias T- 

PCB circuit. The bias-T PCB superimposes a modulation current onto the laser diode DC 

supply current for modulation frequencies in the range of 1 00Hz to 1 GHz. However, the 

actual frequency range is also determined by the properties of the impedance network 

surrounding the laser diode. The circuit also has a DC blocking capacitor and a reverse bias 

protection diode included to protect the laser diode. Figure 7.2 shows the laser diode bias-T 

PCB layout. 

DC-supply DC-supply 
Positive Ground 

TT. 

]H 
R Lc 0 

OSMT connector. 
Apply an alternating 

voltage for modulation of 
the laser current. 

Laser Laser Transistor as DC 
Anode Cathode 

blocking capacitor 

Figure 7.2 Laser diode bias-T PCB 

The DC supply will generate a laser current of : 
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ILaser(A) = [(Supply voltage-voltage over the laser diode)/1005] 

1[. aser(A) = [(5-2.4)/100] = 26mA 

The measurement of the laser diode capacitance, CD versus reverse bias voltage is plotted 

in Figure 7.3. The measurement shows that, as the voltage increases the capacitance of the 

laser diode increases to 400pF at input bias voltage, 3.5V. 

450 

Laser diode capacitance versus Bias voltage 
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Figure 7.3 
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Laser diode capacitance versus bias voltage 

The measurement of the laser diode forward current versus forward voltage is plotted in 

Figure 7.4. The measurement shows that at around 1.5V the laser diode starts to operate. 

The laser diode resistance during forward voltage, 2V is calculated using Figure 7.4 to be 

801. 
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Forward Current versus Forward Voltage 
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Figure 7.4 Laser diode : Forward voltage versus Forward current 

H-1 

Figure 7.2 was simulated as shown in Figure 7.5 and Figure 7.6. Using the measured values 

from Figure 7.3 and Figure 7.4, the laser diode has a capacitance, CD, and resistance, RD, of 

130pF and 800 respectively, the simulated frequency response is shown in Figure 7.6. The 

frequency response shows the transmitter has a bandwidth between 3k Hz to 45MHz. 

Vin 

Figure 7.5 Model of Figure 7.2 
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Figure 7.6 Frequency response of the transmitter 

PCB layout is very important with high-speed amplifiers. Therefore the PCB fabrication for 

this circuit has taken into consideration a few general points of layout design [7.0-7.1]. A 

good high frequency layout exhibits a separation of power supply and ground traces from 

the inverting input and output pins. Parasitic capacitances between these nodes and ground 

may cause frequency response peaking and possible circuit oscillations. It is recommended 

to use high quality chip capacitors with values in the range of 1000pF to 0.1 F for power 

supply bypassing. One terminal of each chip capacitor is connected to the ground plane and 

the other terminal connected to a point as close as possible to each supply pin. Signal lines 

connecting the feedback and gain resistors have to be as short as possible to minimise 

inductance and microstrip line effects. 
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For the layout consideration of the AGC circuit, the node trace area has to be small, as 

input pin 7 is sensitive to stray capacitance. Shunt capacitance across the feedback resistor 

could not be used to compensate for this effect. Furthermore, the capacitance to ground has 

to be minimised by removing the ground plane from under the body of RG. 

The micrograph of an example of the fabricated bandwidth adjustment amplifier is shown 

in Figure 7.7. The rest of the micrographs are in Appendix A. 
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1 FX 
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tTUroýw ccýer 

t 4781 

Figure 7.7 Micrographs of the bandwidth adjustment amplifier 
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7.2 Experimental results 

The measured frequency response of the system was determined with two different settings. 

The first was to measure the frequency response of the whole system without the SNR 

module, which means that Vco�mol for the bandwidth adjustment of the current feedback 

amplifier was set to zero. The frequency responses were taken at the output of the 

transimpedance amplifier (VFA), the output of the bandwidth adjustment amplifier (CFA), 

and at the output of the AGC. The frequency response is shown in Figure 7.8. The gain at 

the first stage transimpedance amplifier fluctuated between 42dB to 40dB, with a cut-off 

frequency at around 85MHz. The second stage bandwidth adjustment amplifier had a gain 

around 46dB with a cut-off frequency of 40MHz, while the third stage amplifier has a gain 

of 50dB. Its cut-off frequency is almost the same as the second stage amplifier, which is 

around 38.2MHz. 

The second measurement was taken with the SNR module connected to the control of the 

bandwidth adjustment amplifier. It was assumed that there was normal room temperature 

and room lighting, and the measured output of the SNR module was -2.55V. Due to the 

small variation changes at the output of the SNR module, the frequency response, when 

Vco�frol _ -2.55V is only plotted as shown in Figure 7.9. The gain and bandwidth at the first 

stage amplifier remained the same, but there was an increase of bandwidth for the second 

and third stage amplifier, whereas the gain for the second and third stage remained the same 

as well. The cut-off frequency for the second and third stage was centered between 50MHz 

to 60MHz. 
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Frequency response (Vcontrol=OV) 
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Figure 7.8 Frequency response when V001 =0V 

Frequency resposnse (Vcontrol=-2.55V) 

60 

50 - 

40 

30 

20 

10 

0 

ti 

ýo yo ýo ao 00 60 ý0 00 ý, o 
^oo ýýo ýýo goo ýýo rho 

Frequency 

4-Practical Gain at First Stage 

-*-Practical Gain at Second Stage 

Practical Gain at third Stage 

Figure 7.9 Frequency response when Vcontrol _ -2.55V 
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Figure 7.10 and Figure 7.11 illustrated the waveform measured at third stage using the 

oscilloscope, to show that bandwidth adjustment occurs when Vco�b-ol is change from OV to 

-2.55V. 

Input 
waveform 

Output 
waveform 

CH1=100mV/division CH2 = 200mV/division, when Vcontrol = -2.55V 

put 

Outptil 

CH1=100mV/division CH2 = 200mV/division, when Vcontroi = OV 

Figure 7.10 Output waveform from oscilloscope when F= 50MHz 
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waveform 

Output 
waveform 

CH1=100mV/division CH2 = 200mV/division, when Vcontrol = OV 

Figure 7.11 Output waveform from oscilloscope when F= 60MHz 

Figure 7.12 and Figure 7.13 illustrates a series of output spectrum measure at third stage 

using a spectrum analyser for the frequency range of 50MHz to 90MHz, to demonstrate 

that bandwidth adjustment occurs when Vco�troi is change from OV to -2.55V. 
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Figure 7.12 Output spectrum when Vco�trol = -2.5 5V 
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Figure 7.13 Output spectrum when V001 = OV 
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Comparisons between the practical results and simulated results are shown in Figure 7.14 

and Figure 7.15. Figure 7.14 shows that there is a difference in at least 2- 4dB in gain and 

bandwidth difference of 31 MHz for first stage, 10MHz for second stage and 4.8 MHz for 

third stage between the measured frequency response compared to the simulated results. 

When Vco�t-ol was set to -2.55V, generated from the SNR module, the measured frequency 

response in Figure 7.15 shows that there was also a bandwidth variation of 31 MHz for first 

stage, 23MHz for second stage and 14MHz for third stage compared to the simulated 

results, whilst the gains remain unchanged. 
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Figure 7.14 Comparison between simulated and practical for Vco�tro1=OV 
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Comparison between practical and simulated (Vcontrol=-2.55V) 
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Figure 7.15 Comparison between simulated and practical for Vco�nol=-2.55V 

One of the factors that could have severely affected the bandwidth is due to capacitance 

limitations from the laser diode and photodetector, internal capacitance and resistance of 

amplifier, where the values could have been much higher in practice than the assumed 

value used during the simulation. Another factor for this variation is that these results 

showed that the simulations results did not account for parasitic effects due to the 

components layout, trace lengths ground connection, due to the size of the board layout as 

recommended by National Semiconductor for the integrated chip to operate at full 
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performance should be 1.5" x 1.5", wires connection had high parasitic inductance that 

limits the amplifier's bandwidth at high frequencies, mismatch of SMA connectors and 

capacitive loading from test probes will change circuit performance drastically or 

temperature variations, and so it is likely that the bandwidth was quite overestimated. 

7.3 Summary 

This chapter presented a comparison between simulated results and tested practical results 

on the proposed composite technique transimpedance amplifier with bandwidth adjustment 

amplifier. The two amplifiers were integrated with an AGC and the bandwidth adjustment 

control was controlled by the SNR module. Table 7.1 summarise the comparison between 

simulated and practical results. 

Table 7.1 Comparison between simulated and practical results 

Vco�rºo1=(OV) Vco�no1=(-2.55V) 

Simulated Practical Simulated Practical 

Gain Bw Gain Bw Gain Bw Gain Bw 

First 

Stage 

44dB 116MHz 42dB 85MHz 44dB 116MHz 42dB 85MHz 

Second 

Stage 

50dB 50MHz 46dB 40MHz 50dB 75MHz 46dB 52MHz 

Third 

Stage 

54dB 43MHz 50dB 38MHz 54dB 72MHz 50dB 58MHz 
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The measured gain is consistent with the simulated results for V, ontol = OV and Vcontrol = 

2.55V which is predicted ranging from 40dB to 55dB. The results showed a slight variation 

of 4dB compared to the simulated results. In contrast the bandwidth measurement showed a 

variation of around 4.8MHz to 31MHz compared to the simulated results for Vco�ttol = 0V, 

but a higher variation of around 14MHz to 31 MHz was observed when compared the 

simulated results for V, o�t, o1 = -2.55V. This variation is due to the fact that the simulation 

results had not taken into account capacitances and inductances generated from layout 

aspects, which limited the frequency response. Despite the techniques taken into account in 

the fabrication process to minimise the capacitances produced around the circuits, stray 

capacitances still existed. 
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Chapter 8 

Conclusions and Further Work 

8.1 Summary of the work 

8.2 Application of this research 

8.3 Future improvements and suggestions for further work 

8.1 Summary of the work 

As portable computers and communication terminals become more powerful and are more 

widely deployed, the demand for high-speed wireless networks is increasing. An optical 

wireless transmission technique represents an attractive choice for many indoor and 

outdoor applications. Its advantages include the availability of a wide bandwidth that is 

unregulated worldwide, and that can be reused in a very dense fashion, immunity to 

eavesdropping, the ability to achieve very high bit rates, low signal-processing complexity, 

and potentially very low cost. However, some problems remain which need to be solved in 

this field. This thesis has discussed the design of transimpedance amplifiers for use in 
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infrared optical wireless, in particular being concerned with how to be able to adjust the 

bandwidth of a receiver properly according to the dynamic service quality of the incoming 

signals. The approach to the discussion had been from two perspectives, firstly that of the 

circuit, and second by that of the input current and voltage noise analysis. 

In terms of the circuit perspective, this thesis looked at alternative topologies and a 

combination of mixed techniques to achieve the receiver criteria: wide dynamic range, 

bandwidth enhancement and low noise operation. The receiver designed has two parameter 

adjustment characteristics. The first is an automatic bandwidth adjustment which is 

controlled by the signal to noise ratio of the input signal. The output from the bandwidth 

adjustment amplifier is considered to have a low noise level. The benefit of controlling the 

bandwidth is that it improves receiver sensitivity by rejecting out-of-band noise without the 

need for additional filtering. The second element taken into consideration is the variable 

gain adjustment, which automatically monitors and level adjusts any changes from the 

input signal of the receiver front-end. 

In terms of bandwidth enhancement, this thesis shows that the bootstrap transimpedance 

amplifier exhibits the highest range of bandwidth adjustment and gain. The dual feedback 

loop amplifier with VFA, and VFA with CFA also produces high bandwidth adjustment, 

but have the lowest gain. This thesis has also taken an detailed look at the analysis and 

design process itself. The discussion includes mathematical modeling of the transfer 

function for each of the proposed transimpedance amplifier structures. The transimpedance 

amplifier serves as an excellent vehicle for this discussion because of its demanding 
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requirements and complex design trade-offs typify the challenges faced in analogue circuit 

design. 

In the perspective view of noise analysis, this thesis has taken into consideration all the 

major noise affecting an infrared optical wireless receiver. It has shown that the relatively 

rapid increase of noise, due to the terms proportional to the square and cube of the receiver 

bandwidth, is the limiting factors in achieving low-noise performance. Simulated results of 

output noise spectral density show that the design using a bootstrapped transimpedance 

amplifier exhibits the lowest noise level. Unfortunately this configuration exhibits highest 

noise when working together with an AGC circuit. This shows that each circuit technique 

has its own best capabilities, and integration with other circuit functions could reduce the 

best performance obtained. 

8.2 Applications of this research 

Integration of radio and optical technology, and integration of wired and wireless 

communication technology, will increasingly progress in future. In next generation high- 

speed all-digital networks, an optical wireless communication technique will be more 

important than now. Optical wireless communication is attractive in many indoor and 

outdoor applications, such as short-range high speed data transmission, telemetry, video 

broadcasting, fixed wireless access networks, inter-satellite links, and so on. For example, a 
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future "all-intelligent" optical home network concept is shown in Figure 8.1 and the 

principles of wireless optical in seat entertainment shown in Figure 8.2. 
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Figure 8.1 Suggested intelligent indoor all-optical home networks 

The digital data from an external network are stored in a home server, which has an optical 

modulation unit, composed of many LEDs or LDs. The required data are modulated at a 

home server and are distributed in each room using the diffuse method. In a room, optical 
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signals are amplified with an optical preamplifier and are emitted into the air. Therefore, in 

all optical home networks, optical access points in each room are simple because a 

modulator is not needed at an optical access point. Therefore, all electrical appliances in the 

home can be wireless-linked to each other in future. These wireless systems exist 

throughout our home, ranging from short-distance point-and-shoot systems to cellular 

systems that cover whole rooms. These devices automatically select the link which offers 

the best performance at that time. As we roam through our home taking our portable 

communicator with us, it remains linked to the network by seamlessly switching between 

different rooms. All rooms are interconnected within our home and linked to the high-speed 

external network via plastic optical fibre. Thus, optical wireless communication systems 

will become increasingly important in the near future. 

Figure 8.2 Principles of wireless optical in seat entertainment [8.1 ] 
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8.3 Future improvements and suggestions for further work 

There are numerous directions for future work concerning the discussed designs of 

transimpedance amplifiers receivers with automatic bandwidth adjustment and AGC. The 

first suggestion is to look into the differential transimpedance amplifiers topologies with 

automatic bandwidth adjustment. The advantages of using differential topologies are its 

suppressing effect of supply and substrate noise, since photodiodes produce a single-ended 

current and their cathode is connected to a high voltage to allow high quantum efficiency, 

the input signal is not differential, leading to several difficulties. 

The second suggestion is to improve the signal-to-noise ratio module design detection 

method. An alternative solution is to incorporate a frequency decision module which is able 

to compare and determine the category of best SNR for different bandwidths. This logic 

decision from the module would then be able to activate different voltage control sources 

that set the bandwidth adjustment amplifier. The only concern with this method is the fact 

that the bandwidth adjustment amplifier can have a minimum of five differences of 

bandwidth range according to its voltage control switching capability. Therefore, there 

would be the need to have at least five different bands of possible measured SNR. 

The third suggestion is to look into the types of modulation techniques suitable for the 

discussed receivers, in addition to looking into the design of an intelligent transmitter that is 

capable of communicating with the designed receiver. For example, when the data 
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transmission is low, the transmitter will send a signal to the receiver to reduce its 

bandwidth and vice-versa. 

The fourth suggestion is to design and develop a transimpedance amplifier capable of low 

voltage operation, for example IV operation, without the use of low threshold devices. The 

idea is to maximise both the output signal swing and the bias voltage for the photodiode. A 

suggested topology exists is to use a sub IV current mirror suggested by Rijins and Peluso 

[8.2-8.3], as shown in Figure 8.3. The current mirrors differ from a normal mirror circuit 

with the additional device M1 at the input. The advantage of this circuit is much lower 

impedance and adjustable input voltage. 

Figure 8.3 A low voltage transimpedance amplifier 

An alternative topology exists in which the feedback resistor is placed directly across the 

input and output terminals of the current mirror as shown in Figure 8.4 [8.4]. The advantage 
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of this topology, however is the much lower input impedance seen by the photodiode which 

may potentially improve speed. 

v 

Ut 

Figure 8.4 An alternative low voltage transimpedance amplifier 

The final alternative suggestion for low voltage is to use a fully-differential implementation 

for the transimpedance amplifier design which can also improve supply noise rejection. 

Work into optoelectronic integrated circuits could be initiated with the integration of a 

CMOS photodetector alongside one of the developed transimpedance amplifier designs. As 

analogue designers look for ways to meet the challenge of decreased supply voltages, 

dynamic gate biasing (DGB) has the potential to become a general technique for realizing 

low voltage analogue circuits. However, before DGB can be widely applied, designers need 

a better understanding of the effects of charge injection and clock feed-through on circuit 

performance. Future work should focus on developing methods of reducing such transient 

effects. One example would be its use in tunable, low voltage, continuous-time filters. 
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Figure : Design circuit layout 
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Figure : Experimental setup 
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