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ABSTRACT

Microcelluiar radio communication systems based on optical fiber feeders provide flexible
telephony services for futuristic wireless personal communications. They may offer the
benefit of concentrating expensive RF components at a central station and deliv:ring RF
signals to inexpensive multiple remote antennas. The difficulty of generating and transmit-
ting high frequency optical signals is overcome in this work by optoelectronic mixing
(OEM). By using simple diode based GaAs metal-semiconductor-metal photodetector
(MSM-PD) as an OEM, the incoming optical information signal from the central station is

directly upconverted to the desired electrical frequency at the remote radio base station.

The high-speed properties of the MSM-PD were studied and found to have a wide band-
width of about 3 GHz which facilitated mixing in the high frequency region. The detector -
was also characterized in termis of its dc responsivity and an analytical function was
obtained to further analyse the OEM properties in terms of its conversion loss and noise
figure. Based on analytical expressions, the optical link quality was estimated in terms of
the carrier-to-noise ratio, which was found to be limited by the laser diode in a multichan-
nel system. Theoretical analysis was well supported by experimental results based on sin-

gle channel and subcarrier multiplexed transmission.

Finally, the OEM performance was tested in a hybrid fiber-radio link which was used to
transport low bit rate digital signals using /4-DQPSK modulation. The measured signal
constellations in the back-to-back and RF channel configurations gave satisfactory results
indicating that the link linearity was transparent to the integrated optoelectronic devices.

Thus the OEM may find interesting applications in hybrid fiber-radio microcell systems.
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L. INTRODUCTION

Fiber based microcellular communication systems have experienced a tremendous growth

in the past few years. Such systems exploit the advantages of both microwave/millimeter-

waves and optical fibers to service personal communication terminals.

1.1 Cellular radio systems

Cellular systems are very high capacity communication systems. In order to mecet the
demands of an ever increasing number of subscribers, microcellular or picocellular net-
work architectures have been proposed [1].The cell size in these systems lies within about
300 meters diameter communication range. The reduced cells (microcells) are provided
with antenna remote units (ARUs) connected to a central cellular base station (BS) as
shown in Fig. 1.1(a). For the indoor office environment, the cell size is determined by floor
or office separations and, when the antenna separation is less than 10-20 meters, the cells
can be termed “picocells” [2]. A macrocell constitutes the union of micro/pico-cells. Spec-
trum reuse can be employed more extensively in a given area when the cell size is small.
Microcells can also eliminate antenna dead zoxies which are encountered in macrocell sys-
tems. This is not only because of the smaller and more focused coverage area, but also
because of the reduced antenna height which results in lower power consumption in an
ARU than that in a conventional base station. Though this approach can be used to accom-
modate more users within a given spectrum allocation, significantly more ARUs are

required and thus the access of cell-site space becomes a serious problem.



Conventional Antenna

T
0 Exchange Conventional Cell

Fig. 1.1(a) Central radio base station with extended antennas

Subcarrier multiplexing (SCM) signais over optical fibers is very attractive and finds wide
spread applications in signal distribution because of its simplicity and cost-effectiveness
[3). SCM is based on the principle of direct intensity modulation of an E/O device (a laser
diode or an external modulator) at the wireless system carrier frequencies as shown in Fig.
1.1(b). Thus the multiplexed radio subcarriers can be simuitaneously transmitted along the
optical fiber. At the receiver side, a photodiode in the receiver converts the received optical
power into electric power with a linear respense. The desired channel is selected by an

electric mixer after photodetection for further amplification and signal processing.



Sources Detectors

Channel filter

Fig. 1.1(b) Fiber-radio SCM transmission

1.2 Fiber-Radio Technology

With the reduced cell size in a micro/pico-cellular environment, a large number of remote
radio-base stations (Micro-BSs) are required for effective signal distributipn in a given
area. Therefore, it is important to develop cost-effective techniques for the minimization
of BS hardware and the signal distribution paths which will feed into them. The radio
transmission performance between the ARU and the portable handset, which depends
upon the ARU location, has to be taken into consideration. Though the radio signals from
the Micro-BS to the antenna port can be delivered by various transmission media includ-
ing coaxial, waveguide, and free space, fiber optic signal feeds have become promising

because of their low loss, wider frequency response, and ease of installation.

The optical fiber feeder can drastically reduce the cost and size of the Micro-BSs. By using



the optical feeder, very compact Micro-BSs is possible, since it is basically mere opto/
clectronic converters. Furthermore, various radio channel controls such as hand-off con-
trol, macro-diversity or dynamic channel assignment can be done at the central-BS. In
addition, the microcellular system with the optical feeder is highly flexible for changes in
modulation schemes or carrier frequency assignments for individual cells, as the feeder is

transparent for all radio signals.

In order to save the cell site space, hybrid fiber radio systems based on SCM and the asso-
ciated technologies have been studied [4]. Fiber optic microwave subcarrier transmission
links have received wide attention since they may be capable of effectively using the mil-
limeter-wave (xnm-wave) band, both for wideband personal radio communications and for
broad-band local access. With improvements in device technologies, realization of com-
pact and economical RF system designs is made possible by interconnecting various

microwave and optical devices, circuits and subsystems with optical fibers.

Fig. 1.2 shows the schematic of a more general optical fiber feeder based microcellular
system. In the uplink configuration, the radio signal received at the Micro-BS is converted
into an optical signal and transmitted back to the central-BS through the optical fiber. In a

similar way, the radio signal is transmitted from the Central-BS tc the Micro-BS in the

downlink for radiation.

For mobile radio applications, the radio signal power received at the Micro-BS fluctuates
greatly, due to fading, shadowing or changes in distance between the Micro-BS and the
mobile station (MS). Therefore, the optical feeder that links the Micro-BSs to the Central-

BS requires high dynamic range, very low noise and distortion characteristics to cover the
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Fig. 1.2 Optical fiber feeder microcellular system

received signal power fluctuation. However the existing optoelectronic transducers place a
limitation on the available optical power, bandwidth and linearity which directly affects
the system performance. These factors essentially limit when the intermodulation and
noise from the laser diode places a constraint on the bandwidth and carrier-to-noise ratio
which can be achieved. In such cases, a highly linearized laser source [5] or many such
lasers multiplexed together [6] have to be used in order to meet the wide dynamic range
requirements of the overall link. Also, dynamic channel assignment techniques [7], can be
made use of in such a way that intermodulation products among carriers can be mini-
mized. Thus the hybrid fiber-radio technology can be considered to be an attractive alter-

native to the conventional coaxial cable medium in the delivery of broad-band signals to

personal communication terminals.



1.3 OEM based fiber-radio systems

In systems that employ subcarrier multiplexed signal distribution, the entire signal set on
the optical carrier is detected and amplified by using a wideband optical receiver. An elec-
tronic inixer down-converts the signal output from the receiver to an intermediate fre-
quency (IF) for further signal processing. The complex hardware associated with the
receiver subsystem can be made simpler by means of optoelectronic mixing [8]. The mix-
ing process is achieved with simple photodetectors which can be realized in the form of a

monolithic integrated circuit.

Three terminal devices like metal semiconductor field effect transistor (MESFET), high
electron mobility transistor (HEMT) and heterojunction bipolar transistor (HBT), which
form the basic building blocks of monolithic millimeter-wave integrated circuits (MMICs)
have been demonsirated as optoelectronic mixers (OEM) [9]. A prime advantage of using
a three terminal device is the good isolation that can be achieved between the electrical
local oscillator (LO) and the IF ports. Presently, planar photodiodes have become very
attractive for OEM applications [10] owing to their simplicity in structure, high frequency
response and process compatibility with active components such as MESFET and
HEMTs. Of the general class of photodiodes that have been considered as OEMs, much
interest has grown in the interdigiated metal-semiconductor-metal photodetector (MSM-
PD) due to its ease of integration with either MESFET or HEMT, its very low capacitance

and high-speed with applications in optical signal distribution and detection.

With the OEM, the information signal carried by the optical carrier is converted directly to

the electronic IF in the process of detection. Thus the wideband receiver amplifier can be



replaced by a low cost narrow bandwidth IF amplifier which effectively improves the
noise floor of the overall system. OEM based transceivers arc simple, compact and easy to
construct. Such systems considerably simplify the radio-BS hardware and hence are a vital
source of components in fiber-to-the-cell technology. Recently, a monolithic integrated

OEM based on MSM-PD has been demonstrated in a fiber optic microwave link [11][12].

1.4 Thesis Outline

The purpose of this project was to study the properties of OEM for fiber optic links that

find typical applications in microcellular communication networks.

Chapter 2 reviews various subcarrier mm-wave fiber optic links based on hybrid fiber
radio techniques. Their relative advantages and disadvantages are described in the light of
fiber-to-microcell technology and the relevance of OEM based hybrid fiber-radio links is
discussed for simple and cost-effective network design. Chapter 3 describes the analysis of
MSM-PD as an OEM. A model is obtained for the nonlinear optical output power of a
laser diode in terms of the total injected current and also for the dc responsivity of the
MSM-PD in terms of its applied bias. Thus the OEM is characterised in terms of its con-
version loss and noise figure. Numerical results based on the above analysis are presented
to estimate the overall lin performance. Chapter 4 reports the experimental results for
both single tone and two-tone subcarrier transmission in an analog fiber optic link. Results
based on 1/4-DQPSK modulated digital signal transmission over the fiber-radio link are
presented. A detailed discussion on the OEM’s suitability in hybrid fiber-radio links is pre-
sented. Chapter 5 concludes the thesis with a summary of the research results, and indi-

cates possible areas of future research in this field.



2. MICROWAVE FIBER OPTIC LINKS

Microwave and millimeter-wave subcarrier transmission over fiber optic links has been
attempted using laser diode direct modulation, external modulation, and heterodyne tech-
niques based on laser diode, and photodiode nonlinearities. Direct modulation of high
speed commercial laser diodes in practice, is limited to about 30 GHz [13]. On the con-
trary, external optical modulators, such as LiNbOj; integrated devices, are capable of mod-
ulation into the mm-wave bands. Their disadvantages are high drive in voltages and
optical insertion losses [14]. At the receiver end, three terminal devices like MESFET,
HEMT and HBTs have been demonstrated as OEMs [9]. Recently much interest has
grown in the use of interdigitated MSM-PD as OEMs for their speed of operation, planar
structure and ease of integration with MESFET/HEMTs [11]. The MSM-PD could be used

as an integrated transceiver which considerably simplifies the complexity and cost of the

receiver [12].

This chapter reviews fiber optic mm-wave subcarrier transmission links which are based
on intensity modulation direct detection schemes. A GaAs MSM-PD mixing link is pro-
posed for the frequency upconversion of RF signals transmitted over the fiber optic link in

a hybrid optical-radio environment. Such a system finds wide applications in microcellular

mobile communication systems.
2.1 Directly Modulated Fiber Optic Links

Fiber optic link configurations are divided into two types. One is the directly modulated

fiber optic link and the other the externally modulated fiber optic link. The directly modu-
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Fig. 2.1 Fiber optic link architectures for microwave transmission

(a) Direct modulation link. (b) Direct modulation twin link

(c) Frequency multiplexed direct modulation link



lated fiber optic link consists of a laser diode, a photodiode and a fiber transmission
medium as shown in Fig. 2.1(a). The transmission bandwidth of such a link is determined
by the frequency response of the laser diode, usually limited to frequencies below its
relaxation oscillation frequency. Despite the advantages of potentially higher link gain and
reduced number of components, the frequency transmission performance is limited by the

laser diode. An alternative configuration to the link of Fig. 2.1(a) is shown in Fig. 2.1(b).

In this case the performance of each link can be optimized for each particular frequency
and bandwidth by transmitting the IF signal {data) and MMW carrier separately over dif-
ferent FO links. The carrier link provides essentially a high frequency but very narrow
bandwidth microwave signal. Since this link does not carry data or information, the laser
nonlinearities could be exploited to extend the operating frequency well beyond the laser
relaxation frequency [15][16]. Narrow band reactive matching circuits to the laser and
photodetector can be used to reduce the system losses. Since the data link in this configu-
ration operates at a lower frequency as compared to that in Fig. 2.1(a), the RIN in this

scheme will be lower and the dynamic range will be higher accordingly.

A third variety of direct modulated link is shown in Fig. 2.1(c) and is unique in the sense
that no microwave/mm-wave signals need to be transmitted by fiber. This eliminates the
need for high-speed laser diodes and photodetectors, but an electrical LO is required to
obtain the RF signal. Using the LO as a frequency synthesizer, the controlled signal can be
transmitted over the fiber and RF frequencies can be adjusted at the optical transmitter
end. This configuration is beneficial for microcellular distribution and antenna remoting

applications and has high-frequency potential unlimited by the link properties.
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2.2 Externally Modulated Fiber Optic Links

A typical schematic of the externally modulated link which consists of a laser source, an
external modulator, a photodiode and a fiber medium is shown in Fig. 2.2(a). The link per-
formance depends to a greater extent on the optical insertion loss and drive in voltage for
100 percent modulation of the external modulator. MM-wave subcarrier frequencies are

optically generated by using a Mach-Zehnder interferometer realized in LiNbO;. Mach-

Zehnder modulators are typically expensive and somewhat lossy. The configuration
shown in Fig. 2.2(b) improves the loss performance of the overall system by optimizing
the two separate links, but results in an increase in components, complexity and cost. To
eliminate the second fiber cable and photodiode, the link shown in Fig. 2.2(c) can be used.
This link utilizes only a single photodiode and fiber with a filter to separate the MMW car-
rier and IF signal at the detector output and is suitable for wavelength division multiplexed
(WDM) systems. The carrier signal at the filter output is suitably amplified before it is
upconverted alongwith the incoming data to a higher frequency signal suitable for radia-
tion. The bandwidth of the external modulator in Figs. 2.2(b) and 2.2(c) can be as narrow

as possible, thus reducing the driving voltage and improving the gain of the overall link.

2.3 Fiber Optic Mixing Links

Optical devices such as laser diodes, photodiodes and external modulators exhibit inherent
nonlinearities even when biased properly [17][18]. Figs. 2.3(a)-(c), show fiber optic mix-
ing link configurations based on laser diode mixing, photodiode mixing and dual mixing
respectively. These architectures utilize the nonlinearity to up-convert the IF signal to the

microwave frequencies thereby making the links simple and easy to implement [19]{20].
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The laser diode can be operated as an optical source and a microwave mixer simultane-
ously if the electrical LO power is supplied to it. Similarly, the photodiode can operate as
optical detector as well as « microwave mixer if electrical LO power is supplied to the
photodiode bias. Since the photodiode mixing recciver eliminates the need for an electri-
cal mixer, the receiver hardware can be simplified. Additionally, the photodiode mixing
link only carries the information. The carrier is generated at the remote BS. All of these
optical devices must be fully characterized to obtain the optimum operating points where

most efficient mixing occurs without substantial signal distortion.

The MMW carrier link in Fig. 2.3(b) can be replaced by a stable LO. Figs. 2.3(a) and
2.3(c) are advantageous in terms of reduction of the requirements for photodiode and fiber.
Fig. 2.3(c) presents a beneficial compromise between performance and system complex-
ity. This link combines the simplicity of single laser/fiber/detector transmission. Although
there is loss in the laser generated IF signal due to the external modulator insertion loss,
the performance is not significantly deteriorated if high output power laser diodes are uti-
lized for the modulator source. The EOM is a key component in this link for realizing
mm-wave transiission. In this configuration, the IF signal can be used to modulate the
laser diode, while a single frequency subcarrier can modulate the EOM. Thus the design
of EOM is simplified in terms of its operating bandwidth. Conversely, in the case where
the subcarrier multiplexed signal directly modulates the EOM, the EOM design becomes
more complex, in terms of meeting the bandwidth requirements for adequate signal trans-
mission. Thus a single source is required to produce a subcarrier-frequency modulated
optical carrier for an economical and compact optical transmitter. This configuration finds

typical applications in high capacity wavelength multiplexed systems.
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(a) Laser diode mixing. (b) Photodiode mixing link
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2.4 Novel Fiber Optic Link Architectures

In the recent few years, the nonlinearities inherent in the optical sources and detectors
have been exploited with simple configurations to demonstrate the mm-wave signal trans-
mission over optical fibers thereby extending the link bandwidth considerably [16][18].
There has also been a great deal of interest in studies related to the suppression of the
undesired frequencies resulting from the device nonlinearities [21-24]. A variety of
schemes including balanced laser harmonic generation, image cancellation laser and pho-
todiode mixing, laser receiver and balanced laser receiver mixing, external modulator
mixing and image cancellation external modulator mixing links etc. have been reported in
literature [22]. Of these, the most important schemes based on the laser diode and photodi-
ode nonlinearities will be discussed in this section. These configurations can be efficiently

made use of to service broadband personal communication systems.

2.4.1 Balanced Laser Mixing Link

This particular scheme is illustrated in Fig. 2.4.1(a). The laser diode in this case acts as a
microwave mixer and generates frequency up-/down converted signals in response to two
input frequencies (LO and IF/RF signals). The output power level of the LO is much
larger than that of the upper and lower side band signals if the IF signal level is low [18].
The LO power can be suppressed by a microwave filter placed at the detecter output. An
alternative approach to suppress the LO frequency without using the filters is shown in
Fig. 2.4.1(b). Two out-of-phase dividers and two in-phase combiners are required to sup-

ply the out-of-phase local frequencies and out-of-phase IF signals to the laser diodes.

Since the two detected local frequencies have a phase difference of 180°, they are cancell-
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ed at the detector output leaving the up-/down converted signals. For short distances, the

loss due to link lengths in Fig. 2.4.1(b) can be assumed to be nearly zero. The phase noisc

due to the LO component might be a serious parameter for long distance transmission.

2.4.2 Balanced Photodiode Mixing Link

Fig. 2.4.2 shows the configuration of the balanced photodiode mixing link. This link can
be used to suppress the LO frequency without using filters with the help of two out-of-

phase dividers that supply the out-of-phase IF frequencies and local frequencies to the
laser diodes and the photodiodes respectively. Although the phase difference of the
detected IF signals at each photodiode remains out-of-phase, the up-/down converted sig-

nals become in-phase upon mixing with the out-of-phase local signals whereas the phase

difference of the reflected local frequencies remains out-of-phase. Thus, in principle, the

output contains only the up-/down converted signals by combining each of two output si g-
nals in-phase. The hybrid circuits attached to the photodiodes can be utilized to separate

the incident local signals and reflected signals.

Fig. 2.4.2 Link architecture of balanced photodiode mixing
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2.5 Optical/Microwave Monolithic Integrated Circuits

Optoelectronic Integrated Circuits (OEICs) have received kwide attention since monolithic
integration offers significant advantages in cost reduction, compactness and performance
improvement [25][26]. A variety of OEICs which use different devices and fabrication
processes have been proposed whose performance is comparable to that of hybrid inte-
grated circuits (HICs). Despite many advantages, monolithic integration of OEICs has yet
to outperform hybrid integrated circuits due to their complicated fabrication processes.
This section discusses in brief the various electronic devices that are used as photodetec-

tors which are made by monolithic millimeter-wave integrated circuit (MMIC) process.

MMIC technology has the potential to reduce the size and cost of electrical transceivers
[27]. With many microwave circuit functions being realized by MMICs, design, fabrica-
tion and measurement technologies for MMICs are becoming mature. These components
are being utilized to configure not only transceivers for radio but also optical/RF transduc-
ers for fiber optic subcarrier transmission Yinks [28][29]. Alternatively, OEICs can be used
in place of optical/RF transducers. To extend the frequency range of circuits using these
devices, high-speed photodetectors [30], can be integrated with RF components in hybrid
integrated circuits (HIC). Despite the performance improvement by HIC over discrete
component technologies, they have cost, size and performance limitations due to the
essential differences between the MMIC and discrete device fabrication process. Thus, if
the photodetection circuits can be fabricated by the current MMIC process, this technol-

ogy is most promising to realize compact and cost-effective optical/RF transducers.

The high-speed photodetector devices are classified into two groups, i.e. two terminal
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devices (diode) and three terminal devices {transistor). Two terminal devices including
PIN diodes [31], Avalanche photodiodes (APD) [32]. Schotiky barrier diodes (SBD) [30].
photoconductors (PCD) [33] and metal-semiconductor-metal photodiodes (MSM-PD)
[34], have been reported. Since PIN diodes are basically vertical structural devices, the
fabrication process becomes more complicated than planar structural devices such as
SBDs, PCDs and MSM-PDs [35]. Although the PCDs have a large photocurrent gain, the
available bandwidth is lower than that of other SBDs and MSM-PDs [36-38]. The link

that is proposed in this project will be based on a MSM-PD that performs simultaneous

photodetection and frequency conversion.

As for three terminal devices, MESFET [39], HEMT [40] and HBT [41] have been stud-
ied for photodetectors. These devices can realize not only photodetection functions but
also RF amplification and frequency mixing. Due to their bandwidth and process compati-
bility limitations, phototransistors cannot be realized as MMICs. Since MSM devices arc
process compatible with MESFET and HEMTSs, monolithic integration of compact and

cost-effective optical/RF transducers is possible.

2.6 Proposed OEM link for cellular communications

The fiber optic link discussed in this project is based on the MSM-PD OEM. The intensity
modulation direct detection link consists of a laser diode transmitter in the central station
and an optoelectronic mixer (OEM) based transceiver in the base station. This particular
configuration is well suited to cellular communication systems because it considerably

reduces the radio base station hardware by eliminating the need for an electric mixer and
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further signal processing.

Low frequency modulation of the laser diode eliminates the need for a high-speed expen-
sive laser transmitter. In some situations, a low-cost LED with linear transfer characteris-
tics and suitable IF bandwidth could be utilized in place of a laser diode in the central
station. The IF modulated signal can be upconverted to a desired frequency at the receiv-
ing end with the help of an OEM along with an input electrical LO signal. The LO fre-
quency and its harmonics at the mixer output can be eliminated by using a passive filter.
Thus the detected output consists of only the IF signals upconverted to RF carriers which
can be suitably amplified before being radiated from the base station to serve the mobile
users. The downlink from the central station to the base station performs the opposite
function, downconverts the radio signals received by the receiving antenna, using an elec-

tronic mixer, for transmission to the central station over the fiber link [42].

2.6.1 GaAs MSM Photodetectors

A monolithic integrated GaAs MSM-PD is used as an OEM in this experiment. The
MSM-PD can be modelled by a photocurrent source and a very small capacitance, typi-
cally a few tenths of a picofarad, formed by the metal contacts and semiconductor dielec-
tric of these devices. The structure of an MSM-PD and its circuit symbol is shown in Fig.

2.5. The construction and operation principles are discussed in brief here as follows.

An epitaxially-grown buffer layer of GaAs is deposited on top of a semi-insulating GaAs
substrate. Then, an intrinsic layer of GaAs, about 1 pm thick is grown on top of the buffer

layer. Finally, thin, interdigital metal fingers, usually layers of titanium, tungsten and gold,
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Fig. 2.5 Structure of GaAs MSM-PD

are laid down in the pattern depicted in Fig. 2.5. Typical finger width and finger spacing is
on the order of a few um. The area immediately surrounding the MSM structure is etched
down to the substrate, isolating the MSM region on a mesa, thus preventing photogen-
erated charge carriers in the active layer from migrating into it, thereby slowing down the
response. The processing steps involved here are similar to those in the fabrication of
MESFETs and HEMTs, which lend simultaneous monolithic integration of MSM and

MESFET or HEMT devices to create monolithically integrated, wide band optical receiv-

ers [43][44].



When a bias voltage is applied across the two sets of interleaved fingers of an MSM, an
electric field is formed in the GaAs active layer beneath the fingers. When light of an
appropriate wavelength light strikes the top of the MSM, some is reflected by the fingers,
and the rest enters the GaAs active layer, creating electron hole pairs which are then very
quickly swept to the fingers on the MSM by the electric field. MSM PDs are well suited
for very high speed photodetection due to the very low capacitance between the metal fin-
gers. Typical MSMs with areas of about 100x100 um? and 1 pm finger spacing and finger

width can have an internal capacitance of tens to a hundred or so fF.

The GaAs based MSM-PD requires operation wavelength of about 850 nm due to the
availability of the laser sources operating at similar wavelengths. For longer wavelengths,
InGaAs based devices have to be used due to their low dark currents. Also, since lasers in
the long wavelengths have stringent linearity and stability requirements besides being
very expensive, it is possible to use cheap laser sources that are readily available in the
low wavelength region. Thus the RF signals could be used to modulate the laser sources

and upconvert to the desired frequency using photodiode mixing techniques in the remote

base stations. This simplifies the overall system complexity and cost.

2.6.2 1/4-DQPSK signal transmission

The IS-54 cellular standard specifies 7t/4 shifted, differentially encoded Quadrature Phase
Shift keying (1/4-DQPSK) modulation. A ™/4-DQPSK signal constellation has 8 states.

These states can be considered to be formed by the superposition of two Quadrature Phase

Shift keying (QPSK) constellations, offset by 45° relative to each other, as shown in Fig.

2.6. The two constellations are used alternately to transmit each symbol, and thus the suc-
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cessive symbols have a relative phase difference of 45° or 135°, The maximum phase

change for n/4-DQPSK is 135°, as compared to a maximum phase change of 180" for
QPSK. Therefore, a 1/4-DQPSK modulated signal has less envelope fluctuation than a
QPSK modulated signal and can be detected using differential or coherent detection. Dif-
ferential or discriminator detection is a simple and straight forward approach for directly”
modulated links whereas coherent detection requires complex receiver circuitry. In a fast

fading environment, coherent detection results in a higher bit error rate (BER) than differ-

ential detection and hence will be made use of in the experimental investigations.

This project is aimed at the analysis and experimental characterization of the OEM in a
fiber optic link. The detailed analysis of this link will be presented in the next chapter and

the experimental results based on analog and n/4-DQPSK digital signal transmission will

be discussed in chapter 4.
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Fig. 2.6 Illstration of /4-DQPSK signal constellation
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3. THEORETICAL ANALYSIS

This chapter describes the OEM based fiber optic microwave SCM link for microcellular
communication systems. The laser diode transfer characteristics are examined in terms of
its optical output power as a function of the injected current. The linearity of the laser
diode s discussed in terms of its intermodulation distortion. The analysis of an OEM
based on a MSM-PD is presented and the overall link performance evaluated in terms of

the carrier-to-noise ratio. Numerical results based on computer simulations are presented

to supplement the above analyses.

3.1 OEM based fiber-radio link

The schematic block diagram of the OEM based fiber optic link is shown in Fig. 3.1.

Power Amp

Fig. 3.1 Schematic of the fiber optic microwave link



The transmitter in the central station consists of a laser diode whose intensity is directly
modulated by the microwave subcarrier signals. After transmission the modulated optical
signals are converted to electrical signals in the BS with the help of an OEM that acts as a
photodetector and upconverter. In the analysis of the system the fiber is assumed to be
lossless and non-dispersive. Our experimental link used a short length of multimode opti-
cal fiber. With the OEM, the sigral carried by the optical carrier is upconverted directly to
a carrier frequency in the process of detection thereby eliminating the need for an electric
mixer as in a conventional receiver. Thus the OEM performs photodetection and fre-
quency conversion simultaneously and is therefore a key component in the performance
evaluation of this link. The advantage is that narrow bandwidth amplifiers can be
employed at the OEM output to raise the desired signal to a suitable level before radiation.
Also, with the baseband signal transmission, the requirement of a high speed laser diode
or an external optical modulator is avoided and the subcarrier can be generated locally in
the BS for efficient radiation. This approach considerably simplifies the system design and

reduces the cost.

Amplitude

Fig. 3.2 Spectrum of a 2-channel SCM system
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Here, analysis of SCM optical transmission system is restricted to two RF channels in
order to supplement the theory with experimental results in chapter 4. The frequency spec-

trum of such a configuration is shown in Fig. 3.2. Frequencies f; and f, represent the car-

rier frequencies of two subcarriers which are ciosely spaced and the local oscillator, Jro»

is shown by a dashed line. The local oscillator frequency is larger than the signal band-

width of each of the subcarriers being transmitted.

3.2 Non-linear Laser Diode

In this section, we obtain expressions for the nonlinear optical output power of the laser
diode as a function of its total injection current. The non-linear laser source produces light
output that has frequency components at signal frequencies, as well as their harmonics and
intermodulation products and they will be discussed in the next section.

The output power P (¢) of a laser diode is generally a non-linear function of the total

injection current / (¢) which can be idealized as shown in Fig.3.3.

P(t)

Iip 1, I(1)

Fig. 3.3 Qutput power vs injected current in a typical laser diode
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For the two subcarrier case, the modulation current applied to the laser is given by

I(2) =1, + (lo_lth) {m,cos (0,r+ $,) +m,cos (0,2 +¢,)} 3.1)

where I o is the dc bias current, 7 ;n, is the threshold current of the laser, m; (i=1,2) are the

optical modulation indices (OMI)and ¢, (i=1,2) are the associated phase values, of the two

carriers respectively. The modulation depths can be assumed to be identical for both chan-
nels but this restriction may not always be necessary. The light output P (z) , in response

to the modulation current can be expressed as a Taylor series about I, as follows [45]:

d'p
N
P(t) = Py+ ‘i’,ﬂ 7 -1,1" (3.2)
n=1 )

where P, is the power at the dc bias current. The value of N is chosen to be equal to 3

assuming that the higher order terms in the series expansion of Eqn. (3.2) are negligible.

From Eqn. (3.1), it follows that
I1(t) -1, = I,cos (074 ¢,) +1,cos (w,t+¢,) (3.3)

where I}, and 7, are the peak currents in the two channels givenby I}, = m, (I o= >

I, = my(I,—1,) r. tively.

LetI(e) -1, = {,-1,)I,where ] = m, cos (0,7 +¢,) +m,cos (Wt +6,).
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Thus the ouput power in Eqn. (3.2) can be expressed as
2
P(t) = Py+ () -1) + c(I(r)-1)" + cy (I(1) - 1)) 3 (3.4)

where the coefficients c,, ¢, and ¢3 can be interpreted as the slope efficiencies(W/A, W/

A2, W/A3) of the transfer characteristic, in their increasing order. Thus the optical power
P () can be simplified and expressed as:
22

<1
P(t) = Po(1+170(10 7

Therefore the output optical power of the laser diode can be expressed as

P=P1+al+al+ a1 ) 3.6)

where the constants a,, a, and a3 depend on a specific laser diode model and in our case

they are assumed tobe 1 A}, 0.1 A2 and 0.01 A3, respectively [46]. The detailed analyt-
ical expression (refer to Appendix A) for the power output in terms of the various mixing

components that contribute to the intermodulation distortion can be obtained from the

expansion of Eq. (3.6) as:
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2 2
mi +m, 3.7)
P(t) = Po(l +m cos (w,?) + m,cos (w,1) +a2[ 5 ]
2 2
mcos (2w,?) + m;,cos (20,1)
+a, 5 +m m,cos (0, +w2)t+mlm2cos (0, -w,)¢

3[m;cos (@,1) +mycos (w,1)]  micos (30,2) +m cos (30,1)
+a, 7] + 7

+ gm?mzcos (w,1) + %m?mz [cos (2w, + ®,) t + cos Cw,-w,)1]

+ %mimlcos (w,1) + %mgml [cos ((2aw, + ®,) 2+ cos (20,-w,) )] ) )

3.2.1 Harmonic and Intermodulation Distortion

In a directly modulated link, the nonlinearity of the relation between laser diode optical
power and drive current can generate higher harmonics and intermodulation distortion
(IMD) products. The bandwidth of such a link is determined by the low and high fre-
quency limits of the transmitter frequency response [47]. The low frequency limit is set by
the cut-off frequency of the low-pass filter (capacitor) in the bias tee. The high frequency
limit is set by the roll off in the frequency response of the laser diode, which has a typical
slope of 40 dB/decade beyond the relaxation oscillation frequency. Since most fiber optic
links for microwave applications require a narrow bandwidth [47], the higher harmonics

and second-order IMD products fall outside the passband and can be neglected as they do

not pose a probiem. However the third-order IMD (IM,) product frequency components

fall within the link passband and are therefore responsible for the spurious response. Thus,

the link linearity is determined by the level of IM, products.
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The M occurs mainly in the LD modulation process and originates from:

(1) Injection current versus output light (I-L) curve nonlinearity.
(2) Dynamic nonlinearity due to intrinsic photon-electron nonlinear interaction.

(3) Non-symmetrical threshold clipping (over-modulation distortion).

IM, due to I-Lcurve nonlinearity and over-modulation is independent of modulation fre-

quency, whereas /M, due to dynamic nonlinearity increases with an increase in the modu-

lation frequency. The IM distortion due to dynamic nonlinearity and over-modulation are

not considered in this analysis.

The IM, is mea :.red by combining two equal power RF signals P, at closely spaced
frequencies f; and f,, (f2 > f}) in a power combiner, and applying the composite signal to
modulate the laser diode. Because of the laser diode nonlinear characteristic, second-order
intermodulation tones will appear at fi +f, and f, — £, third-order intermodulation tones
will appear at 2f; -f,, 2f, —f,» and the harmonics at 211 2f5 311, 3f, ., and so forth.
Assuming identical modulation indices m, = m, = m in Eqn. (3.3), the IM, fora 2 -

channel case can be calculated (refer to Appendix A) as the laser diode third-order transfer

function from Eqn. (3.7) as

IM, (dB) = 10log

3 2 2 (3.8)
a3m )

where m is related to P, as
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where R, is the laser diode input impedance, / o and I, are the laser bias and threshold

currents respectively. In order o avoid the overmodulation distortion, the maximum value
of m in the 2-carrier modulation is suppressed to less than 50%. When total OMI is less
than 100%, /M, is generated by I-L curve nonlinearity and dynamic nonlinearity of the
LD. In this case /M, is strongly dependent upon OMI and is in proportion to m” as given
by Eqn. (3.8). Since m is inversely proportional to the laser bias current » IM decreases

with increasing bias at a fixed P, and is illustrated in Fig. 3.4.

IM distortion (dB)

-90 v T Y T e R T~
15 25 35 45 55 65
Bias Current (mA)

Fig. 3.4 IM distortion as a function of laser bias current

The laser diode transfer function is defined as the ratio of the output amplitude to the input

amplitude. Plotted on a log-log scale, the fundamental transfer funci:on is a line with a
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slope of unity, the second-order transfer function is a line with a slope of two, and the
third-order transfer function is a line with a slope of three. Both the second- and third-
order transfer functions intersect the fundamental transfer function line and these intersec-
tions are called the second- and third-order intercept points, respectively. The second-
order output intercept point (IP,) and the third-order output intercept point (IP3) can be

calculated by knowing the power in each of the components as [48]:

IP~2P,- P,

_3P—P,

Py (3.9)

where

anoutput power of each of the two fundamental tones in dBm,
P, =output power in each of the second-order IMD products in dBm,

P, =output power in each of the third-order IMD products in dBm.

The nonlinear effects of saturation due to the rapid change in distortion resulting from the
increase in the input signal power are best represented by the 1 dB compression point. It is
defined as a measure of the output power level, when the input power has been raised to a
point on the transfer characteristic that results in a 1 dB reduction in output power and can

be obtained experimentally from the transfer characteristics which will be discussed in

chapter 4.
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3.3 MSM Photodetector as an OEM

Due to their simple planar geometry, high bandwidth, very low capacitance and process
compatibility with MESFETs and HEMTs, MSM-PD’s have become attractive for fre-
quency conversion and mixing applications. The performance of the MSM-PD as an OEM

is described in terms of its mixing responsivity.

3.3.1 Mixing Responsivity

The mixing responsivity R is defined as the ratio of the root mean square current in the
mixing detector to the root mean square variation in the incident optical signal [49]:

1

R - rms

(3.10)

rms
Efficient mixing occurs at the photodetector because the responsivity R of the MSM-PD
can be controlled by an applied voltage [49]. For a MSM-PD, R depends on the voltage
applied to the device, wavelength of operation, the size of the active area of the device,
finger width, length and spacing, etc. [50]. For an intensity modulated optical signal

P(r) and a LO signal V (r) applied as the bias, the responsivity can be written as

R(t) = K[V (2)], and the output photocurrent is given by
I,() = K[V()1P(2) (3.11)

The mixing efficiency of the MSM-PD depends on the function K[V (¢) ] . The photocur-

rent generated at the mixer output contains signal, LO, harmonics, intermodulation and IF

components. RF channel selection can be done using a filter and the signal is further
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amplified by a narrow band IF amplifier before it undergoes further signal processing.

3.3.2 Responsivity based on Polynomial Approximation
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Fig. 3.5 DC responsivity of the MSM-PD as a function of its bias

In order to obtain a better understanding of the mixing behavior of the MSM-PD, Ry, is

modeled in terms of the applied voltage by an analytical function which is given by:

Ryye = (Ao +A\V, + A2V¢210 + A3V3CJTanh (aV,) (3.12)

where the integral constants Ay, A;, A, and A; are obtained from a curve fitting model of

the experimental data and are listed in Table 1 (p. 106). The dc responsivity of the MSM-
PD as a function of bias obtained from Eqn. (3.12) is shown in Fig. 3.5. It can be seen

from Eqn. (3.12) that the responsivity is linearly related to the bias 4% }ow biasing voltages,
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where the responsivity is also low. This can be physically attributed to the carrier transit
time being long when compared with the carrier lifetime. On the contrary, when the

MSM-PD is highly biased. the responsivity becomes independent of the applied voltage.

For mixing operation, the MSM-PD bias is modulated by a local oscillator voltage V,,and

the resulting responsivity R is obtained as

N
R = 3 {A,(Vy+Vycos (0,0)"} Tanh [ (V,, +V, cos (0,0))] (3.13)

n=0

where N =3 yields a good agreement with the measured results. In the series expansion of
Eqn. (3.13), it is assumed that the hyperbolic tangent shaping function (Tanh) is unity

for bias voltages (V,.: 0 -4 V) considered here. After expansion (refer to Appendix B),

Eqn. (3.13) can be written in terms of the LO frequency component and its harmonics as

follows:

R = K+ K cos (0,,1) + K,cos (20,,2) + K cos (30,,¢) (3.149)

where the K, (n=0,1,2,3) coefficients depend on A, (n=0,1,2,3), Vv 4gcand V,  as follows:

3 szio
Ko = A3V3C+A2V¢21c+(A1 +§A3Vfo)vdc+AO+ 3

3
K, - 3A3V10V¢21c +24,V V4 + ZA3V?0 +A4,Vy,

3 1 1
K, - §A3V120Vdc+§A2Vfo’ Ky = ZA3V130
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The coefficients K, in the above expression are strongly dependent upon V,, in their
increasing order and become less dependent on V de+ It can be seen from Eqn. (3.14) that

in the absence of LO modulation, R turns out to be its dc equivalent value Ry,.- The

dynamic responsivity of the MSM-PD can be obtained from Eqn. (3.13) by taking the

derivative of R with respect to V4. and is given by

Ry = {Ko+K,c0s (0,1) +K,c0s (20,,0)} Tank [ (V,,, +V, cos (0, 1)) ]

2
+ Rasech (a (V. +V, cos (w,,1))) (3.15)

where the coefficients K,  (n =0,1,2) are the first derivatives of the coefficients
Ky, K, K, with respect to V.. in Eqn. (3.14) and are given by

3 2
o = 3,«x3vj,c+2sza,c+(A1 +§A3V,a)

K, = 6A,V, V,  + 24,V

¢ 3
K2 = §A3V?o

The dynamic responsivity of the MSM-PD as shown in Fig. 3.6 can be used to explain the

conversion loss and signai variations with respect to changes in its bias, which will be dis-

cussed in Section 3.5.

Based on the above model, the mixer can be further analysed in terms of its conversion

loss and noise figure. The overall link quality can be described by its carrier-to-noise ratio.
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Fig. 3.6 Dynamic responsivity of the MSM-PD vs dc bias

3.4 System Performance

The overall system performance can be examined in terms of the carrier-to-noise ratio
depending on the optical modulation index (OMI) which is restricted by the number of
carriers being transmitted. In the present case, the OMI per channel can have a maximum
depth of 50%. The overall link noise is mostly influenced by the laser relative intensity
noise (RIN), intermodulation noise, the receiver shot noise and thermal noise. Various
noises in the system can degrade the signal to noise ratio at the receiver and thus the link
quality. The optical link must satisfy the dynamic range required by the overall system
which is in turn dependent on the third order intermodulation distortion noise. Hence, it is
necessary to examine the various sources of noise that influence the link carrier-to-noise
ratio (CNR)). The following noise components which are of relevance to our system anal-

ysis can be classified and considered.
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3.4.1 Thermal Noise

Thermal noise is associated with the bias resistor in the photodetector and is due to the
spontaneous fluctuations of the currents or voltages in the bias circuit. The mean square

value of this noise current in a noise equivalent bandwidth B is given by

4KTB
<Iy> - R, (3.16)

where k is the Boltzmann’s constant, T is the absolute temperature and Ry, is the resistance

in the bias circuit of MSM-PD, which are listed in Table 2 (p. 106).

3.4.2 Shot Noise

Shot noise is a result of the random arrival of the signal photons and also the dark current

in the detector. It is proportional to the total detected photocurrent. Its mean square value

is given by

<> =2qI,B (3.17)
I,, = RP; = R}P, (3.18)

where P is the time invariant term of the received optical power at the input of the MSM-
PD, B is the link loss, P, is the optical power at the laser output and ¢ is the electron

charge. The term R in Eqn. (3.18) comresponds to Ry, or K, in the absence and presence

of LO modulation of the bias respectively.

3.4.3 Relative Intensity Noise

The apparent intensity noise at the receiver consists of noise intrinsic to the laser due to
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quantum effects in electron to photon conversion, mode partitioning, and extrinsic effects
such as reflection, scattering and dispersion. Reflection effects are more predominant
when highly stabilized lasers are used in the long wavelength windows. In our case, the
extrinsic effects are considered to be negligible. The mean square value of the equivalent

intensity noise current is given by

<112u~> = RINljcB (3.19)

where RIN is the relative intensity noise factor which takes into account the overall noise

variations that occur at the transmitter end and I 4, is as defined in Eqn. (3.18).

3.4.4 Intermodulation Noise

The nonlinearity of the laser diods characteristic can generate higher harmonic distortion
signals as well as second and third order IMD products as explained in Sec. 3.2.1. When
the two subcarrier frequencies f; and £, are closely spaced, the total currents due to inter-
modulation noise can be f:alculated from the expression for the optical power P. The most
important contributions to this noise result from the third-order IMD products. Since the
second-order IMD products fall outside of the occupied frequency bands and can be fil-
tered out by the harmonic rejection filter, they are not taken into consideration; hence we
consider only third-order IMD into account. With the two carriers being spaced closely
with respect to ohc another, the third order IMD noise generated by the I° term in Eqn.
(3.7) degrades the system performance by limiting the overall link CNR . Thus the mean

square value of the current associated with the IMD noise can be obtained from Eqns.

(3.7) and (3.14) as:



<I?m> 3 32a3m6]K2P

(3.20)

It can be seen from Eqn. (3.20) that the level of IM noise can be controlled by the variation

of OMI per channel which is in turn dependent upon the RF source input power P,
3.5 Conversion Loss, CNR and Noise Figure

The MSM-PD optoelectronic mixer performance can be best described in terms of its con-
version loss, and noise figure based on link CNR. The CNR is defined as the figure of
merit for the optical link and its variation with various receiver parameters is dealt with in
detail in order to obtain optimized performance. Also, the OEM conversion loss is a sig-
nificant parameter which enables us to estimate the level of the up-converted signal with
respect to the incoming optical signal. The noise figure of the OEM is another important
parameter which is defined in terms of the link CNR . These issues are examined in detail
to obtain an insight into the system characteristics with respect to parametric variations.
The following analysis will be supplemented with experimental investigations in Chapter

4 to understand the physical significance and limitations of the proposed system.

3.5.1 Conversion Loss

In order to obtain the OEM conversion loss, the signal variations need to be analyse ! 13-
ing into account the LO modulation of the dc bias. The photocurrent at the dete:tor oW Ui

with two RF subcarriers on the optical signal is given by

I = RP (1 +m [cos (w,?) + cos (0,5 1) (3.2
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where the parameters are defined as earlier. The conversion loss of the mixer is defined as
the ratio of the mean square variances of the upconverted signal (with LO modulation) to

the input signal (without LO modulation) and can be expressed as:

| <hy>
cT T 2 (3.22)
<]?n>

where < l?n > is dependent upon the dc-responsivity Ry, and < Iip > depends on

the mixing responsivity K, associated with the frequency upconverted signal. Thus, the

mean square value of the input signal current can be defined as:

2,2 2
m' Ry, P} (3:23)

<ﬁ> =

1
mn §
“Fhe mean square value of the upconverted signal current is given by

2.2.,2
1

2
<Iup> = —-m PfK

1
8 (3.29)

Hence, L. can be found as a ratio of Eqns. (3.23) and (3.24) and can be expressed as:

K

L = —2t.. 2
c S 3.25
4RVdc ( )

Thus it can be seen from Eqn. (3.25) that the OEM conversion loss increases with K ; due

to its increase with bias and also because of its inverse relationship with R, . The con-

version loss as a function of dc bias for varying values of LO voltages is shown in Fig. 3.7.
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Fig. 3.7 OEM conversion loss as a function of dc bias

It can be seen that the conversion loss is quite low at low bias and increases with increas-
ing bias. This is because in the low bias region the upconverted signal level depends
strongly on the voltage applied to the MSM, leading to large dynamic respomsivity
whereas in the high bias region the dynamic responsivity is very low because the depend-
ence of the response on applied voltage is saturated. As the LO amplitude increases, the

upconverted signal level increases whereas the input signal is unaffected by changes in

V.- Also, K, in Eqn. (3.25) increases with V,, at fixed bias (but is quite small compared
to Ry, ) and hence the conversion loss decreases as V., is increased. To examine this

effect, the variation of the loss against V,, is shown in Fig. 3.8 for two different bias

regimes, i.e. 0.5V {jow bias) and 4V (high bias). The loss decreases with an increase in

V.- Thus the mixing process is quite effeciive in the low bias region with a large LO volt-
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age amplitude. A conversion loss of about 22 dB is obtained for the OEM with V 1c=0.5V

and V, =1.5V.
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Fig. 3.8 OEM conversion loss as a function of LO voltage

3.5.2 Carrier-to-Noise ratio

The quality of a directly modulated FO link can be evaluated in terms of CNR. Here, the

CNR of the upconverted and the input signals is defined as the ratio of the mean square
value of the signal and noise currents in the presence and absence of the LO modulation.

Thus, the CNR of the upconverted signal in terms of the various noise sources is given by

<112¢p>

CNR,K =
To<hy> v <> + <> + <> (3.26)

The first term in the denominator of Eqn. (3.26) represents the receiver thermal noise, the



second term is the relative intensity noise of the laser diode, the third term is the receiver
shot noise, and last term is the degradation due to intermodulation distortion., In order to
examine the intermodulation noise effects on the system CNR, we consider the carrier-to-

intermodulation ratio at the link output, which can be obtained from Egns. (3.20) and
(3.24) as:

2 4
IR - <r,> _ 8 2RuU,-1)

2 4 2.2
<r, > 9a3m 9a3P,.n (3.27)

Thus it can be seen from Eqn. (3.27) that the CIR decreases with increasing input power
and is higher for large bias currents. The numerical result of calculating CNR, p as a func-

tion of OMI is shown in Fig. 3.9.
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Fig. 3.9 CNR of the upconverted signal against optical modulation index variations

It can be seen from Fig. 3.9 that for lower values of OMI, where the degradation due to
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IMD is negligible, the CNRup is limited by the thermal noise and can be improved as the

value of OMI is greater. In contrast, for relatively large values of OMI, IMD is dominant,

and CNR p is degraded mainly due to IMD. Thus there exists an optimum value of OMJ

for which the CNRup can be maximized.
The CNR of the input signal in the absence of the LO modulation is defined as

CNR Zm”
T B> + <> (3.28)

In Eqn. (3.28) the RIN parameter takes into account the overall noise variations that occur
at the transmitter end. The CNR of the input and upconverted signals for a single channel

system in a 10 kHz bandwidth as a function of dc bias are shown in Fig. 3.10.
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Fig. 3.10 CNR of the input and upconverted signal vs MSM d¢ bias
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It can be seen that the input signal CNR increases with V4. 10 a certain extent beyond

which it saturates for any further increase in the bias. This can be explained in terms of the
dc responsivity which increases sharply in the low bias region but saturates when the bias
is increasingly high. The upconverted signal CNR is maximum at zero bias because of the

lower conversion loss but decreases with an increase in dc bias due to the increasing mixer

loss. Also, it can be noted from Eqn. (3.26) that the CNR up is limited by the receiver ther-
mal noise at lower values of Pf and increases as a function of the LO voltage due to the
K, dependence on V,, as explained above. At higher powers, the shot noise and the laser
noise become more predominant and thus the CNR“p follows linearly with Pf. This is

shown more explicitly in Fig. 3.11 where the CNRup rises steadily with LO voltage.
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Fig. 3.11 CNR of the upconverted signal against LO voltage

Fig. 3.12 shows the CNRup as a function of dc bias for in a two channel system with var
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Fig. 3.12 CNR of the upconverted signal vs bias in a 2-channel SCM system

iations in the L.O voltage. It can be seen that the CNR up i @ 2-channel case is maximum at

zero bias and decreases slowly with increasing bias. This is due to the dominance of the

receiver thermal noise in Eqn. (3.25). As V,, increases, the IM noise increases and tends
to be dominant in the low bias region. Thus, for higher values of V,_, the CNRup in the

low bias region is limited by the IM noise performance of the LD whereas in the high bias

region, thermal noise remains to be the dominant source. Also, as explained earlier, the

CNRuP increases with increasing V,, and saturates beyond 1.5 V. Similar variations of
CNRup with LO voltage are shown in Fig. 3.13 for a dc bias of 0.5 V and 4 V. It can be
seen from Fig. 3.13 thét the CNRup decreases with increasing bias and also saturates
accordingly with V, o as explained above. Thus it can be seen from Figs. 3.12 and 3.13

that the CNRup is sensitive to the variations in Vdc and V,o .



In a 2-channel system affected by IMD, the CNR up increases linearly with V,,due to its
thermal noise dominance and then saturates due to the degradation caused by IMD. Thus
by proper choice of OMI, V,_. and V,o» it is possible to obtain values for the CNR that
could meet a given system specifications. A CNRup of about 61 dB could be obtained

with an OMT of 0.27, V,;.=0.5V and V,,=1.5 V respectively. The theoretical results pre-

sented here will be supported by experimental investigations in Chapter 4.
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Fig. 3.13 CNR of the upconverted signal vs LO voltage in a 2-channel SCM system
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3.5.3 Noise Figure

Having defined the link CNR, the noise figure of the mixer is defined as the ratio of the

CNR of the input signal to the detector to the upconverted signal CNR and can be

cxpressed as:

4kTB 2 9 2 6

4kTB P
L _cnr, |, +2qK1PfB+R1NKfPfB+ =595 K\ P} (3.29)
" CNR,, AL, RINR, P{B + Za3m R}, P2

As in the case of conversion loss, the noise figure in Eqn. (3.29) is dependent upon the dc-

bias, LO amplitude and also the carrier OMI.

The noise figure variations as a function of the dc bias, in a single channel and 2-channel
SCM system, for varying LO voltages is shown in Fig. 3.14 and Fig. 3.15 respectively. It

can be seen that the noise figure increases with increasing bias because of the rise in the
input signal CNR and also due to the lowering of the upconverted signal CNR . The noise
figure variation as a function of Vi, is illustrated in Fig. 3.16 and Fig. 3.17 and it
decreases with increasing LO voltage due to the incressx n the upconverted CNR . The

saturation effects of noise figure with increasing V,, in the Z:channel case could be attrib-

uted to the variations of CNRup as explained earlier.

In order to understand the relationship between OEM noise figure and optical power, the
noise figure variations have been obtained as a function of optical power incident on the

MSM-PD in a single channel system. With increasing optical power, the noise figure of
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the mixer at a fixed V 4c Was found to decrease continuously as illustrated in Fig. 3.18. In
Fig. 3.19, the noise figure is plotted as a function of optical power at fixed V,,- In both

cases the noise figure decreases with increasing power. This is because at low Pf. the

noise figure is mainly influenced by the receiver thermal noise in case of upconverted sig-

nal and input signal shot noise whereas at higher values of P, the shot noise of the upcon-

verted signal and laser noise of the input signal become dominant. Hence it is evident

from Eqn. (3.29) that the OEM noise figure falls off with Pf. With V, =05V, V, =15V

and Pf=-0 dBm, a noise figure of 23 dB could be obtained for the OEM. In a 2-channel

system, the noise figure is cbtained as a function of OMJ as shown in Fig. 3.20 for two dif-
ferent bias regimes, i.e. 0.5V (low bias) and 4V (high bias). It can be seen from Fig. 3.20

that lower values of noise figure can be obtained with lower values of dc bias as explained

above.
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Fig. 3.14 Noise figure of the OEM vs dc bias in a single channel system
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Fig. 3.15 Noise figure of the OEM vs dc bias in a 2-channel SCM system

—8— Vdc=0.5V
50 —— Vdc=4V

Noise figure (dB)

LO voltage (V)

Fig. 3.16 Noise figure of the OEM vs LO voltage in a single channel system
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Fig. 3.17 Noise figure of the OEM vs LO voltage in a 2-channel SCM system
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Fig. 3.18 Noise figure of the OEM vs optical power variations at a bias of 0.5V

53



Noise figure (dB)

-20 -15 -10 -5 0 5 10
Optical power (dBm)

Fig. 3.19 [::%:- Zgure of the OEM vs optical power variations at a LO of 1.5V
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Fig. 3.20 Noise figure vs OMI in a 2-channel SCM system
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In this case, the noise figure is limited by thermal noise of the upconverted signal at lower
values of OMI but falls off rapidly due to the IMD noise dominance of the input signal at

higher levels of OMI. Thus by controlling the OMI parameter, it is possible to maintain the

OEM nocise rgure to a much lower value.

Thus it follows that the lower values of the OEM noise figure at relatively higher power
levels with low dc bjas and high LO voltage amplitude make its operation more effective
in radio base stations. The analysis presented above is supplemented with experimental

results in the tcxt chapter and the practical limitations of the proposed system are detailed.
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4. EXPERIMENTAL RESULTS

This chapter presents experimental results on the SCM transmission of radict suibearriers
over a fiber optic link. First the laser diode transfer characteristics are obtained in terms of
the optical output power as a function of the bias current. The MSM-PD is then character-
ised in terms of its frequency response and the mixing responsivity. The performance of
the optical link using optoelectronic upconversion is evaluated by considering single chan-

nel and two-channel SCM radio transmission over the fiber optic link, in terms of the

CNR.

4.1 Laser Diode characteristics

A GaAs-AlGaAs semiconductor laser diode (LD) emitting at a wavelength of 780 nm with
a rated power output of 5 mW at an operating temperature of 25 °C was used in this exper-
iment. The laser had a threshold current of about 37 mA. The static nonlinearities inherent
in the laser light curve characteristic limits the performance of the LD’s modulation capa-
bility. In order to obtain a better performance, the laser was operated at a high bias well

beyond the threshold in its linear region. By varying the laser bias current, the IM distor-

tion resulting from the above nonlinearity could be maintained within acceptable limits.

4.2. MSM-PD characteristics

A monolithic integrated GaAs MSM-PD was used as an OEM in this experiment. The
GaAs MSM used in this project was a single element of a 1x8 linear array of MSM detec-

tors. The GaAs MSM array chip, made by Bell-Northern Research (BNR); contains eight

100x100 pm? MSMs with 1 um wide fingers and 3 um between adjacent fingers, spaced
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250 pm apart, with a common connection joining one termiral of each of the MSMs
together. Such arrays find potential use in very high speed optoelectronic switching or sig-

nal processing. The physical layout of these MSM arrays is depicted in Fig. 4.1 below.

Fig. 4.1 BNR’s 1x8 GaAs MSM array

end piece (II)

end piece (III)

Fig. 4.2(a) Aluminium package for the MSM-PD transceiver (middle/end pieces)
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Fig. 4.2(b) Aluminium package for the MSM-PD transceiver (top jpiece)

4.2.1 Aluminium Package for the MSM-OEM

An aluminium package was designed for the OEM receiver in order to carry out the test
measurements. This package was assembled from four pieces as shown in Fig. 4.2(a) and
Fig. 4.2(b). An alumina substrate on which the MSM array is mounted fits on the floor of
the large middle piece indicated as I in Fig. 4.2(a). On the alumina substrate there are eight

bias lines labelled (1) which lead to the individual MSM pads through gold bond wires.

Two of the 8 detectors in the 1x8 array were used for experimental results. A 50 Q micro-
strip trace on a second substrate labelled (2) is connected to the common MSM strip
through two gold bond wires. The two alumina substrates were fixed with screws on the
middle piece. Both the ends of the middle piece were connected through conductive epoxy

to two gold-plated female SMA connectors that fit into the two end pieces labelled II and
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III respectively. Also connected to the common MSM strip is a pair of gold wires leading
to a 270L2 resistor which is then grounded through a via hole. This provides a DC path to
ground for the MSM bias voltages. The IVth piece that holds the fiber positioner, as shown
in Fig. 4.2(b), sits on the top of the middle piece I and all the four pieces when screwed
together properly form a rectangular box that is portable and flexible for measurement pur-
poses. This arrangement is shown in Fig. 4.3. Preliminary characterization of the OEM in
the test jig was done by measuring its frequency response to a high frequency intensity
modulation optical signal. The high frequency responsivity of the MSM-PD was measured

as a function of its bias variations. The measured results using the test Jig are explained in

Sections 4.2.2 and 4.2.3.

R Light
SMA Eﬁ SMA
bias-T) /\
(LR LR
1x8 MSM-PD array

Fig. 4.3 Packaged MSM-PD based OEM for test measurements
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4.2.2 Frequency Response

Characterization of a device as a function of modulation frequency provides valuable
insight into how it will perform in both analog and digital systems. Hence the detector was
characterised in terms of its frequency response using the experimental setup at TR Labs
[51], by Ray Decorby at Saskatoon. The block diagram of the test facility used to study
su .. high speed photodetectors is as shown in Fig. 4.4. The results are obtained in the fre-
quency domain with the help of a HP 8510 vector network analyser. The network analyser
performs a linear analysis on one or two port systems using a standard microwave scatter-
ing parameter model. With its attached test set, it has a frequency range from 45 MHz to

26.5 GHz, although the external optical modulator available has an upper limit of 18 GHz.

network
analyser

S parameter test set

-

-~

-

\
I amplifier I \

~

,\‘

test jig
temperature ?;?I%ngsy
stabilized elec o-o&tic
laser source modulator
----- electrical signal path

AL optical signal path

Fig. 4.4 Block diagram to study the MSM-PD



The complete test system is shown in Fig. 4.5. Most of the components were mounted on a

steel optical breadboard. Light from a temperature stabilized laser source is incident on the

Mach-Zehnder electro-optic modulator (EOM) which is suitably biased externally. The

power input to the EOM is obtained through an amplified signal from the input port of a
network analyser. The intensity modulated output is incident on the MSM-PD and the

resulting electrical response is measured at the second port on the network analyser. The

optical power incident on the MSM

laser driver and
temperature control

-PD is maintained at approximately 0.5 mW by monit-

modulator
bias

electro-optic
--..1 modulator

microscope

T -/ N

0.5 mW.-
calibrated | [optical ]
F"I d I
. etector + | power meter
L.~ -12 dBml
network 1
port 2 analyser port
----------- opticalpath — - — . _ electrical path

Fig. 4.5 Complete Test System for frequency response measurement
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oring the other output of the EOM with the help of an optical power meter. The overall
system was calibrated with a commercial wideband detector having a responsivity of 0.13
A/W. In order to obtain a better response characteristic, the detector was suitably biased at
a fixed optical power level. The frequency response of the MSM-PD under a dc bias of SV
and an optical power of 1.8 mW was obtained as shown in Fig. 4.6 and the 3 dB bandwidth

is found to be 3 GHz. These results indicate the possibility of mixing at high frequencies

using the MSM-PD [8].

4.2.3 Responsivity

The responsivity of the MSM-PD as a function of applied bias voltage was obtained exper-
imentally at a fixed optical incident power of 430 uW. The dc-responsivity characteristics

of both the detectors in the 1x8 MSM array is shown in Fig. 4.7.

The mixing responsivity was obtained by modulating the dc bias on the MSM with a 0
dBm electrical LO signal at 1.65 GHz and is shown as a comparison with the dc-respon-
sivity (without LO) in Fig. 4.8. Based on the above results, a polynomial fit was obtained
for the responsivity as described in Sec. 3.2. It can be seen from Fig. 4.8 that the mixing
responsivity is low for lower values of bias and increases linearly with an increase in the
bias up to 1.5 V and attains a saturation with further increase in the bias due to velocity
saturation effect. Thus efficient mixing could be obtained by controlling the bias in the lin-

ear region and as a consequence, almost all the power in the optical signal is converted to

the sum and difference frequencies.
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4.3 Single channel transmission

This section presents the results on the performance of the OEM in a single channel radio
subcarrier transmission over a fiber optic link. The experimental setup for this demonstra-
tion is shown in Fig. 4.9. The LD in the CS is driven by a 0 dBm input RF signal at 150
MHz from a HP 8642A signal generator. The laser was biased at 44.3 mA and the output
power at the fiber end was 430 mW. The intensity modulated optical signal thus generated
is transmitted along a short length of multimode fiber to an optical receiver in the BS. The
incoming optical signal and a 0 dBm electrical LO signal at 1.65 GHz form the two inputs

to the OEM in the BS. The MSM-PD was dc biased to 0 V and the LO signal was obtained
from a HP 8753A Network Analyser.
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The frequency spectrum of the measured signals at the OEM output is shown in Fig. 4.10.
The spectrum at the OEM output consists of the LO frequency (1.65 GHz), frequency up/
down-converted signals (1.8/1.5 GHz), LO Garmonics (3.3 GHz, 4.95 GHz, etc.) and asso-
ciated frequency components. The LO power fed through is much higher than that of the
converted frequencies. It can be seen from Fig. 4.10 that the upconverted signal level is
about -58 dBm and the signal to noise ratio in a 300 kHz noise bandwidth is about 25 dB.
The effect of laser bias current variation on the up/down-converted signals is obtained by

plotting the measured values of the signal powers (at Point B in Fig. 4.9) against the inci-

dent optical power as shown in Fig. 4.11.
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Fig. 4.11 Measured output sideband signal powers vs incident optical power

It can be seen from Fig. 4.11 that the frequency converted signal powers increase linearly
with the optical power and then attain a maximum value beyond which they drop slowly

with any further increase in the optical power due to the MSM being near saturation. Thus,



for a fixed input RF powcr, the CNR can be maximized by varying the laser bias. A bi

as

current of 50 mA was chosen to maximize the upconverted signal CNR.

4.3.1 Effect of RF Input and LO power variations

The up/down-converted signal power increases approximately linearly as a function of RF
input power as shown in Fig. 4.12. The maximum RF input power that could be used to
drive the laser source was limited by the OMI of the modulating signal. In order to under-
stand the effect of LO signal variations on the OEM output components, the input LO
power was continuously varied from -20 dBm to 0 dBm and the corresponding variations
in the LO, up/down-converted signals were observed. This variation is shown in Fig. 4.13
and it can be seen that the signal level of the three components incrcases due to the

improvement in conversion loss of the OEM with increasing LLO power.

In order to suppress the high power LO feedthrough, its harmonics and other unwanted
frequencies and to obtain the desired upconverted signal, a band pass filter with a center
frequency at 1.8 GHz and a bandwidth of 50 MHz was used. The spectrum of the filtered
and amplified signal at 1.8 GHz just before the BS transmitting antenna is shown in Fig.
4.14. The frequency upconverted signal thus sclected was suitably amplified by a cascade
of two microwave amplifiers. These amplifiers provided 2 combined gain of 40 dB with a
negligible amount of distortion. The upconverted signal level rises to about -9 dBm and
the CNR in this case is about 44 dB. The CNR in this case is also limited by the thermal

noise floor and also because of the poor noise performance of the laser diode.
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4.3.2. Effect of MSM dc bias on output CNR

The upconverted signal was found to be maximum at zero dc bias due to the lower conver-

sion loss of the mixer as shown in Fig. 4.15.

With a gradual increase in the bias, the upconverted signal level was found to decrease
sharply in the low bias region because of the large dynamic responsivity of the MSM-PD
and then attained a saturation beyond 1.5 V due to the dynamic responsivity being very
low. The measured values of the upconverted signal power (Point C in Fig. 4.9) as a func-
tion of laser bias current for a MSM dc bias of 0 V and 0.5 V are shown in Fig. 4.16.Itcan

be seen that the signal level increases with increase in the bias current but reduces with an
increase in the dc bias. The upconverted signal variations with LO power were measured
and are shbwn in Fig. 4.17 for a bias of 0 V and 0.5 V. It can be seen from Fig. 4.17 that for
a 0 dBm input LO power, the signal power at 0.5 V bias is about 12 dB lower than that for

a bias of 0 V. The lower values of signal power at 0.5 V bias is due to the lower conversion
loss of the OEM with increasing MSM dc bias as explained earlier. It can also be seen that
fora 0 V bias, the MSM is near saturation more quickly than that due to an increased bias

of 0.5 V. The nonlinearities in the measured results could be attributed to the upconverted
signal dependence on the square of the responsivity term K, as defined by Eqn. (3.23) in

Section 3.5.1.
4.3.3 Harmonic performance of the link

In order to understand the harmonic behaviour of the OEM link, the bandpass filter had to

be removed at the OEM output. The OEM was followed by the cascaded amplifier chain in
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order to enhance the harmonic signal powers to a level that could be detected by the Spec-
trum Analyser at the link output. Initially, the variations of the input and up/down-con-

verted signal power were obtained at the link output as a function of RF input power as

shown in Fig. 4.18.

It can be seen that the amplifiers provide uniform gain of about 40 dB without distortion to
the variations in the amplitude of the incoming signals. The variation of LO harmonic
power levels at the link output as a function of LO input variation is shown in Fig. 4.19.
The detected fundamental, second and third harmonic levels of the link at an RF input
power level of 0 dBm are 17 dBm, -2 dBm and -20 dBm, respectively. As the detected fun-

damental frequency level is less than -54 dBm, the suppression ratio of fundamental and

second harmonic is greater than 52dB.

4.4 SCM (2-channel; fransw:;-~ion

In this section, exper;:.ieisst =245 obtained from two channel SCM radio trausmission
‘v s jiber optic link are discussed. The system configuration in this case is similar to the
w2+ channel case except for the addition of a second RF signal source and a power com-

virer as shown in Fig. 4.20.

Two closely spaced RF input signals of equal amplitude were generated using the two
sources, at 150 *MHz (HP 8642 A signal generator) and 160 MHz (HP 8753A Network
Analyser), and clectrically combined in a power combiner. iI*» combined signal was used

to intensity modulate the optical output of the LD. The modulated optical signals were
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transmitted along a short length of multimode fiber to the optical receiver where they are
converted by the OEM irio their equivalent electrical signals. When the LD is driven by
the SCM signal, third-order IMD noise results at the transmitter end duc to the inherent
nonlinearities within the LD. The IM components when propagated along the fiber to the
optical receiver limit the overall transmission quality of the link and thus the system

capacity. These properties will be appropriately discussed in evaluating the link perform-

ance,

The incoming optical signal and an electrical L.O signal at 1.65 GHz from a HP 8510
Spectrum Analyser form the two inputs to the mixer. The OEM ovyiut consists of fre-
quency upconverted signals at 1.8 GHz,1.81 GHz, down-converted signals at 1.49 GHz,
1.5 GHz, third-order IM components at 1.48 GHz, 1.51 GHz, 1.79 GHz and 1.82 GHz,

harmonics of the LO and other frequency components respectively.

A BPF with 50 MHz bandwidth is placed at the front end of the OEM in order to suppress
the high power LO and its harmonics and the filtered output consists of the upconverted
signals at 1.8 GHz and 1.81 GHz respectively. The third-order IM signals at 1.79 GHz,
1.82 GHz fall within the bandwidth of the BPF and hence appear at the output of the
OEM. The upconverted signals are amplified b+ a cascade of two microwave amplifiers
which provide a combined gain of about 40 dB. The upconverted signal is then coupled to
a transmitting antenna at a level of about -24 dBm. The spectrum of the upconverted and
IM signals measured by a Spectrum Analyser with a 40 MHz span bandwidth at the trans-
mitting antenna input is shown in Fig. 4.21. The laser bias current was 44 mA and the

MSM was dc biased to 0 V in order to obtain the maximum power in the upconverted sig-
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nal. A 0 dBm LO signal was supplied to modulate the dc bias of the MSM detector.

The spectrum of the upconverted signal applied to the Tx antenna is shown in Fig. 4.21
and can be seen that the CNR in a 10 kHz noise bandwidth is 46 dB and the CIR is 25 dB.
The CIR could be further improved to 40 dB by increasing the laser bias current to 49 mA
with similar conditions of dc bias and LO power. The IM suppression was much better in
this case but increasing the laser bias did not result in a significant change in the upcon-
verted signal power. When the bias was still further increased to 51 mA, there was an
improvement in the CIR by about 2 dB. The upconverted signal power increased by about
5 dB and thus the upconverted signal CNR was found to increase to 47 dB. The measured

signal spectrum under the same conditions of dc bias and LO power for this case is shown

in Fig. 4.22.

In order to estimate the optical link loss, the spectrum of the 0 dBm input modulation sig-
nals was measured at the OEM output, with direct detection after transmission over the
optical link, as shown in Fig. 4.23. The total link loss when the MSM-PD was dc biased to
0V, was 80 dB as measured in Fig. 4.23. When the bias was increased slowly upto 1 V, the
link loss improved accordingly in a linear fashion and with further increase in the bias
beyond 1 V, the loss remained constant. With a bias of about 4 V, the total loss was about
39 dB better than that at 0 V bias and the spectrum of the input signals in this case is
shown in Fig. 4.24. This is because of the sharp rise in the input signal CNR in the low
bias region and saturation beyond 1 V in agreement with the responsivity of the MSM
detector as shown in Fig. 3.12. Thus with an increase in the MSM dc bias from 0O Vto4 YV,

the total link loss improved to 41 dB. This loss could be attributed significantly tc the
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OEM'’s conversion loss dependence upon MSM bias in accordance with Eqn. (3.24) and
also in part due to the optical link and other components. Further improvements in the link

loss can be obtained with an increase in the laser bias current.

In the next section, analysis of the OEM is presented based on the measured results, taking

into account the variations of RF/LO input power, laser bias and MSM dc bias.

4.4.1 Effect of RF input and LO power variation

The measured levels of the upconverted signal at 1,81 ¢+ and IM signal at 1.82 GHz at
the amplifier output (Point C in Fig. 4. 20) are show : a5 a function of RF input power in
Fig. 4.25. They are found to increase linearly with the input power. From Fig. 4.25, it is
possible to find out the third-order intercept point which helps to determine the intermodu-
lation or spurious free dynamic range. The measured third-order intercept point was 6
dBrm and 1 dB compression point was -12 dBm. The spurious free dynamic range (SFDR),

which is defined as the level of IMD suppression achieved when that level equals the link

CNR, was found to be about 42 dB.

The dependence of the measured upconverted and IM signal at a laser bias current of 44
mA and dc bias of 0 V, on LO input power, are shown in Fig. 4.26. It can be seen that the
IM level for a 0 dBm input LO signal when the MSM-PD is dc biased to O V is about 22
dB below the upconverted signal. The upconverted and IM signal levels vary approxi-
mately in a linear fashion with change in LO power. The increasing number of hops in the
IM signal power could be due to experimental errors, Thus, the upconverted signal to

noise ratio could be improved with a higher LO input power. The measured LO output and
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sideband signal power variations as a function of LO input power arc shown in Fig. 4.27.
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In this case the BPF was removed in order to obtain the lower sideband and LO signals
and to understand the mixing process. The fundamental detected frequency at 1.65 GHz is
40 dB above the sideband signal level and rises slowly with LO input and then attains a
maximum. This is because the high power LO could have driven the amplifiers into satura-
tion and hence any further increase in the LO power does not result in a change in the out-
put power. It can also be seen from Fig. 4.27 that the side band power increases linearly
with increasing LO power upto 5 dBm beyond which there is a change in the power levels
with the USB reaching saturation faster than the LSB. An input LO power which corre-
sponds to a measured value of 0 dBm on the HP Spectrum Analyser was used for measure-

ments in order to avoid the amplifiers being driven into their saturation region.

4.4.2 Effect of laser bias current

The variation of the measured upconverted and IM signal power as a function of laser bias
current is shown in Fig. 4.28. From Fig. 4.28 it can be seen that the upconverted signal
power increases slowly with increasing bias current and attains a maximum before it
decreases again. This is because the system is limited by the IM noise for low bias currents
(high OMI) and when the bias is large (low OMI), the thermal noise tends to dominate the
system noise floor and hence the upconverted signal power increases with bias current.
Also due to the inverse dependence between OMI and laser bias as in Eqn. (3.7), the IM
signal power decreases with increasing laser bias current as shown in Fig. 4.28. The ratio
of the measured upconverted to IM signal power as a function of laser bias is shown as a
comparison with the theoretical results in Fig. 4.29 and they are found to be in close agree-

ment except for some experimental uncertainties.

81



-10

20

E

[aa]

)

5 -30

= —®— Pusb@1.81GHz

g —Ak— IM@1.82GHz

= -40-

2 A—h—hk—&
-50
-60*r'l'l7f'l'l'?7:*

40 41 42 43 4 45 46 47 48 49

laser bias (mA)
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4.4.3 Effect of MSM dc bias

In order to estimate the input modulating signal powers at the link output, the BPF
between the OEM and the amplifier chain in Fig. 4.20 is removed. The variations of input
and upconverted signal powers (at point C in Fig. 4.20) were obtained as a function of
MSM dc bias in order to calculate the mixer loss. The level of the intensity modulated
direct detected optical subcarrier signals upon transmission over the fiber optic link were
found to increase with bias in the low bias region and attained a saturation beyond 1 V due
to the OEM loss dependence on input signal level.The measured conversion loss of the

OEM as a function of dc bias is shown in Fig. 4.30 alongwith the numerical results

obtained from Eqn. (3.25). A LO amplitade (V,,)of 6 V was chosen in the model to obtain
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the best possible agreement with the measured data.

In order to obtain the insertion loss of the BPF, the upconverted and IM signal powers
were measured (at point C in Fig. 4.20) by placing the BPF in the link. It was found from
the above results that the BPF inserted a link loss of about 3 dB. The measured variations
of the upconverted signals (1.8/1.81 GHz), IM signals (1.79/1.82 GHz) and input signals
(150/160 MHz) at the link output (Point C) are shown as a function of MSM dc bias along-
with the numerical results in Fig. 4.31. The LO amplitude in this case was 6 V. It can be

seen from Fig. 4.31 that the numerical results based on the MSM-PD analytical model are

in close agreement with the measured data.

It can be seen that both the upconverted and IM signal powers decrease with increasing
bias and attain a steady state when the MSM is near saturation. This is due to the OEM

conversion loss being low at zero bias and increasing proportionately with increasing bias.
This can also be explained in terms of the responsivity K, as defined in Eqn. (3.10), due to
the direct dependence of both the signal variations on K,. It was also found that the

upconverted signal power at a dc bias of 0 V was 25 dB above IM3 signal but falls off to
about 7 dB at a bias of 4 V. Thus with the OEM being operated under 0 V bias, its possible

to obtain better IM suppression and hence the CIR.
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4.5 Low frequency SCM transmission

The above experiment was repeated with subcarrier frequencies at S0 MHz and 60 MHz.
and with a LO at 1.75 GHz respectively. This was carricd out to estimate the link CNR and
IM noise performance of the LD. The measured spectrum of the signals at the link output
(Point C in Fig. 4.20) for a laser bias of 52 mA, MSM dc bias of 0.22 V and 0 dBm LO
power is shown in Fig. 4.32. The best CNR and CIR that could be obtained with a bias cur-
rent of 56 mA were 62 dB and 54 dB respectively. This improvements in the CNR and

CIR were obtained due to the better IM performance of the LD at low input modulation

frequencies.

4.6 Digital transmission over the hybrid fiber-radio link

This section presents résults on the performance of OEM in the transmission of low bit
rate digital signals over the hybrid fiber-radio link, using g-DQPSK modulation scheme

using the impulse response identification system (IRIS). These measurements were carried

out at TR Labs, Calgary where the IRIS system was available [52].

The block diagram of the hybrid optical/RF transmitter is shown in Fig. 4.33, This trans-
mitter configuration replaces the electronic RF modulator in the IRIS system by the optical

link that consists of the LD, fiber, OEM and LO. As shown in the set up, the LD in the CS
was modulated at a bias current of SO mA, with a 0 dBm input g-DQPSK signal at 500

MHz. The DQPSK signal was generated by injecting a pseudorandom binary sequence

(PRBS) from an arbitrary function generator (AFG) into the RF modulator (HP 8780A
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Vector Signal Generator).

The intensity modulated optical signal was transmitted over a short length of fiber to the
OEM where it was simultaneously detected and upconverted to the desired electrical fre-
quency of 1.85 GHz using an input electrical LO signal at 1.35 GHz. The OEM was dc
biased to O V and the LO had a power input of O dBm. The upconverted signal was
selected by filtering the undesired frequencies using a BPF with its center frequency at
1.85 GHz and a bandwidth of 400 MHz. Then the upconverted signal was amplified by a
cascade of two microwave amplifiers which provided a combined gain of about 50 dB. In
order to suppress unwanted reflections that could affect the system performance, an isola-

tor was placed between the amplifiers. Thus the upconverted signal could be used for radi-

ation in the BS.

The IRIS radio receiver schematic is shown in Fig. 4.34. The signals from the MS or PS
are captured by the BS receiving antenna. An identical BPF as in the transmitter was used
at the receiver front end in order to reduce the interference that results from a variety of
factors including radio fading, delay spread etc. The filtered signal was amplified by a cas-
cade of two low noise amplifiers with a total gain of about 45 dB before being fed into the
input of the microwave downconverter. An electrical LO signal at 1.65 GHz was used as
the other input to convert the incoming high frequency signal into a 200 MHz IF signal.
The IF signal was demodulated using a Vector Modulation Analyser and fed into a SO0

MH:z Oscilloscope. By proper sampling, the X-Y dual trace on the Oscilloscope was used

to observe the demodulated DQPSK constellations.

The performance of the OEM was tested in back-to-back configuration and also by consid-
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ering radio channel transmission in an indoor environment.

4.6.1 Back-to-Back (B-B) transmission

In this configuration the transmitter and the receiver are connected together at the antenna
ports with cables. The DQPSK constellations were tested with a 10 Mb/s base-band prob-
ing signal for a variety of 4, 8 and 10 bit maximal length PRBSs of fundamental length 511
bits. The demodulated constellation for a 4-bit sequence upon transmission over the B-B
link is shown in Fig. 4.35. The constellation is quite clear with almost no symbol crrors.
The slight smearing in the constellation was due to the microwave downconverter being
overdriven by the LO signal st 1.65 GHz. Also, imperfections in the quadrature modulator
and demodulates sougLis might have resulted in the rotation of the phase vector on an
elliptic trajectory. By adjusting the fiber posaiome, gt £:gples light into the MSM-PD
through the OEM package, it was possible to control the instability in the constellation.

Also it can be seen that the B-B link does not exhibit any significant nonlinearities that

affect the constellation.

The spectrum of the DQPSK modulated signal at the laser input and upon transmission
over the fiber optic link is shown in Fig. 4.36 and Fig. 4.37. The CNR of the upconverted
signal at 1.85 GHz was about 24 dB which was very good for DQPSK signal transmission.
With a § dB reduction in the RF input signal power, the CNR reduced by about 4 dB. The

absence of link nonlinearities is quite evident from the measured spectrum.

4,6.2 RF Channel transmission

The system description is similar to that in the B-B case except that the radio channel is
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taken into consideration. In this case, the upconverted signal is radiated in the BS by a
transmitting antenna into the free space. The received signals are captured by a receiving
antenna which is identical to the transmitting antenna. The signal suffers fading and other
radio propagation losses. The received signal is filtered and suitably amplified before it is
down-converted with a microwave converter. Further demodulation is carried out using an
IF demodulator and the resultant complex signal is sampled to observe its constellation on
the oscilloscope. The demodulated constellation for propagation through a 3 m radio chan-
nel is shown in Fig. 4.38. Again it can be seen that the constellation is free from symbol
errors and the demodulated signal can be decoded to get back the original sequence. The
spectrum of the DQPSK received signal after 3 m radio channel transmission is shown in
Fig. 4.39 and it can be seen that the peak signal level is about -11 dBm. Though the
received signal suffers a loss due to the EMI, multipath fading and delay spread etc., by
using a passive filter and suitable amplification stages at the receiver front-end, it is possi-

ble to measure the received signal spectrum as shown in Fig. 4.39.

Also, the spectrum of the DQPSK modulated signal at the laser transmitter for a 8 bit
PRBS with a 100 Mb/s base-band signal is shown in Fig. 4.40. The spectrum of the signal
after transmission over the FO link at the input of the transmitting antenna is shown in Fig.
4.41 and the received spectrum after propagation through a 3 m radio channel is shown in
Fig. 4.42. The distortions in the measured spectrum in Fig. 4.42 could be attributed due to
the radio fading losses and also due to the instability of the antenna arrangement in the
indoor environment. It can be seen from the above illustrations that the DQPSK signal pre-

serves its characteristics upon transmission through the hybrid fiber-radio system.
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For data rates equal to or above 100 Mb/s, the B-B contiguration yiclded good results in
terms of the demodulated constellations. Figs. 4.43 and 4.44 show the input and demodu-
lated constellation for a 8-bit sequence in this configuration. The radio channel perform-
ance was satisfactory in terms of the observed demodulated constellations. The symbol

errors increased considerably and this could be mainly attributed to the losses in the radio

link due to severe multipath fading.

Thus the hybrid fiber-radio system based on an OEM yields acceptable results for base-
band digital transmission rates upto 100 Mb/s. The optoelectronic devices in the link do

not introduce noticeable non-linearities in the transmission of signals as cvidenced by their

spectra discussed above.
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5. CONCLUSIONS

Microcellular radio communication systems using optical fiber feeders may offer the ben-
efit of concentrating expensive RF components at a central station, and delivering RF sig-
nals to inexpensive multiple remote antennas. One of the key issues in implementing these
systems is the networking of a large number of compact and cost-effective remote anten-
nas to a local exchange. A large number of Micro-BSs that communicate with the PS/MS,
can thus be connected with a fiber feeder to the CS thereby enhancing the capacity of the
microcell system. This architecture has the advantages of higher reliability and easier

maintenance due to its topological simplicity.

The difficulty of generating and transmitting high frequency optical signals is avoided in
this work by mixing an information signal sent optically with a LO signal generated at the
antenna. Using the detector as a mixing device considerably reduces the hardware required

at the Micro-BSs as simultaneous photodetection and frequency conversion is made possi-

ble with the MSM-PD based OEM.

The high-speed properties of MSM-PD were studied by frequency response measurements
which indicated a 3-dB bandwidth of about 3 GHz when the detector was properly biased.
The detector was arranged in a suitably designed aluminium package for flexible test
measurements. Thus the high-speed property of the photodetector could be used to per-
form mixing in the high frequency region. The dc responsivity of the MSM-PD was
obtained experimentally with a 780 nm GaAs-AlGaAs semiconductor LD when the meas-

ured incident optical power was 430 uW. The detector had a responsivity of about 0.2 A/
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W at a bias of 4 V. The mixing responsivity was obtained by modulating the dc bias with a
locally generated high-frequency signal. The optoelectronic mixing process could be
achieved because the responsivity of the MSM-PD was controlled by an applied voltage.
Based on the experimental results, an analytical function was obtained for the dc-respon-

sivity of the MSM-PD by a third-order polynomial fit. The model was found to be in close

agreement with the experimental results.

Based on the mathematical model, the OEM properties were described in terms of its con-
version loss (CL) and noise figure (NF). Analytical expressions were obtained for the CL
in terms of the upconverted and input signals in the presence and absence of the LO mod-
ulation of the bias. The NF was defined in terms of the link input and upconverted CNR

and a simplified analytical expression was obtained in terms of the CL..

The CL was strongly dependent on the MSM dc-bias and L.O voltage amplitude. From the
OEM analysis, the mixing process was found tc be effective in the low bias region with a
large LO voltage amplitude. A theoretical CL of about 22 dB was obtained with a dc bias
of 0.5 V and an LO voltage of 1.5 V. The dependence of the input and upconverted signal
powers on MSM dc bias was experimentally measured and the loss characteristic was

found to be fairly close to that predicted by the theoretical model.

The overall link quality was described in terms of the CNR. The input and upconverted/
output signal CNR in a single channel and 2-channel SCM system were obtained by taking
into account the various noise sources that influence the link performance. To examine the
IM noise effects on the multichannel system CNR, a parameter called the CIR was defined

in terms of the laser bias current and RF drive power. The CIR was found to incrsase with
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increasing laser bias current due to the better suppression of IM noise. A 40 dB CIR was
obtained at a bias of 50 mA as compared to 25 dB with a bias of 43 mA, when the LD was
directly modulated with an electrically power combined signal with frequencies at 150
MHz and 160 MHz respectively. Further improvements in the CIR of about 55 dB, with
identical bias, were obtained with low frequency modulation of the LD. The values
obtained above were found to be in close agreement with the theory. Thus the frequency

dependent IMD from the LD was found to be a dominant noise source in limiting the out-

put signal CNR.

The output CNR was analysed with a variation in the system parameters and was found to
be strongly dependent on the OMI, dc bias and LO voltage. The CNR variations were opti-
mized with respect to OMI. For higher values of LO voltage, the output CNR in the low
bias region was mainly influenced by the IM noise of the LD, whereas in the high bias
region, receiver thermal noise was the dorninaﬁt source. A theoretical CNR of about 48 dB
could be obtained with an OMI of 0.27, dc bias of 0 V and an LO voltage of 0.15 V. This is
identical to the experimental value obtained with a laser bias current of 50 mA, dc bias of
0 V and a LO power level of 0 dBm. The exact comparison between theory and experi-
ment could not be made as the LO voltage parameter used in the model couldn’t be
directly related with the LO power used in the experiments. This could be attributed to the

variable impedance of the MSM-PD as seen by the LO generator in its high frequency

operation.

The SCM system was used to transport 2 closely spaced radio carriers (150 MHz and 160

MHZz) over the optical link and the resultant signal was upconverted to 1.8 GHz using the



OEM. Higher values of CNR could be obtained with a better suppression of the IM noise
effects. It was also seen that by modulating the LD with a low frequency subcarrier multi-
plexed signal (50 MHz and 60 MHz), a CNR of 62 dB and CIR of 54 dB could be
obtained. A comparison of the theoretical and experimental results in the CIR evaluation

were also found to yield good agreement. Thus the LD and MSM-PD mathematical mod-

els were fairly accurate in estimating the system performance criteria.

Numerical results based on the analytical expression for the OEM NF were obtained in
terms of the MSM dc bias, LO voltage and OMI. In a single channel case, the NF was
independent of OMI and was found to increase with dc bias due to the rise in the input sig-
nal CNR. The NF decreased with an increase in the LO voltage due to the rise in the output
signal CNR. In a 2-channel SCM case, the NF was mainly influenced by the IM noise and
could be maintained at a low value by controlling the OMI parameter. Thus effective oper-
ation of the OEM was obtained by a controlled variation of the various system parameters.
Low CL and NF could be obtained at lower dc bias, high LO voltage at relatively higher
power levels. The analysis and experimental investigations yielded fairly close results and

thus the functional properties of the OEM could be utilized effectively in a variety of sys-

tem designs.

The OEM'’s mixing properties were also tested in a hybrid fiber-radio link that was used
for the transmission of low bit rate digital signals using ©/4-DQPSK modulation. The per-
formance of the OEM was tested for 10 Mb/s and 100 Mb/s digital signal transmission in
back-to-back configuration and also by considering radio channel transmission in an

indoor environment. The overall link quality was characterised in terms of the transmitted
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constellation in both the cases and the hybrid link gave good results. Due to the instability
of the antenna locations, some symbol errors were found in the demodulated constella-
tions. It was also found that the linearity of the link was not affected by the introduction of

the optoelectronic devices as confirmed by the measured spectra.

The following topics could be explored for future research in this field:

1. A more rigorous analysis could be carried out to estimate the optical link performance
by taking into account the laser phase noise and interstage misinatch at the transmitter
(LD) and receiver (PD) end. On the radio channel side, the Rayleigh Fading, Delay Spread
losses could be considered in evaluating the overall link CNR. A more detailed power
budget for this link could be proposed based on the exact system requirements for a practi-
cal case.

2. The laser transmitter nonlinearities could be compensated by designing a predistorting
circuit at its input end. This would improve the IMD performance of the LD and thus
improve the link CNR and CIR. Alternatively, a highly linearized source could be used at
the expense of the system cost in the downlink. In the uplink from PS/MS to CS, the input
level of the LD could be controlled with an AGC amplifier in order to extend the link
dynamic range.

3. The MSM-PD based OEM could be integrated with the LO, band pass filter and ampli-
fier chain in a MMIC package to realize a Micro-BS for portability and field trials.

4. The system performance could be tested with alternative modulation schemes including
multilevel QAM, FM double modulation for improved voice quality transmission.

5. Diversity techniques could be explored to reduce the power level at the Micro-BSs due

to fading, delay spread etc.
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Table 1: Nonlinear Constants

Nonlinear Lasecr Value Units
Constants
a; 1 Al
a; 0.1 A2
asz 0.01 A3
Nonlinear
Responsivity Constants
Ap 0.15998 AW
A 0.022412 AWV
A, -0.003998 AIWV2
Az 0.0002998 AWV
a 4.2 v
Table 2: System Parameters
Parameter Symbol Value
Bandwidth B 10 kHz
Received Optical Power P, 0dI3m
Bias Resistance Ry, 270 Q
Optical Modulation Index m 0.27
Bias Voltage Ve 0to 4V
Local Oscillator Amplitude -V 0to3V
Relative Intensity Noise RIN -150 dB/Hz
Factor
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Appendix A
Expressi;n for optical power output

The optical power output P (1) is given by
(A.1)

P(1) = Py{l+a+a,l +a,I'}

where
I = m,cos (w,?) +m,cos (0,1)

The second term in Eqn. (A.1) can be expanded as follows:

2
a, [m cos (w,1) + m,cos (W,1) ]

2 2 2 2
- a, [mlcos (©,8) " + mycos (W,2)" +2m m,cos (®,?) cos (o)zt)]

21+ cos (2m,1) 21 + cos (2w,1) cos (0, T w,)¢
- az{ml[ 5 ]+m2[ —— ]+ mlmz[ 3 }

2 2 2 2
mi +m, m cos(20,1) +m,cos (20,?)
- a, ) + 3 +m;m,cos (0, +®,) ¢

+a,m;m,cos (0; —W,) ¢
Similarly, the third term in Eqn. (A.1) can be expanded as follows:
a,[m,cos (w?) +m,ycos (w,1) ]3

3 3 3 3 2 2
- a, [:m,cos (w,2)" + m,cos (w,1) " + 3m; cos (0,t) 'm,cos (mzt)]

2 2
+ 3aym m,cos (®, ) cos (W,f)

3[cos (3w,¢) +3cos (w,?) 3[cos (3w,t) + 3cos (w,1)
2

3mm,
y {2cos (w,?) +2cos (W,?) cos (2w,7) ]

+
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3m§m1
+ I [2cos (1) +2cos (w,?) cos (2w,1) ]

3 cos (3w,?) +3cos (w,?) 3 ©cos (3w,1) + 3cos (w,1)
= az|m; { } {

7 +m, y
2 2
3mim, 3m m, 3mim,
+ — 5 oS (0,1) +—2—cos (0,1 +—Tcos Cw, +w,)!?
2 2 2
3m m 3m
Piutide e

) 3m,m,
y) cos (2w, —w,) 1+ 2 cos (20,7 + W)t + 2 cos (2w, -w,) ¢

Thus the final expression for P (t) is as follows:

m:'; +m§
P(t) = Py| 1 +m,cos (0,1) +m,cos (0,?) +a, —

2 2
m;cos (20,¢) + m,cos (2w,¢)
+a, 5 g +m m,cos (®0; + W,) ¢+ m,;m,cos (@, —-W,)¢

3[m}cos (0,) +mycos (@,1)]  m)cos (30,1) +m)cos (30,1)

+ 2mim, cos (,1) + Jmym, [c08 (20, +0,) 1+ €05 (20, - ;)]

+ %mimlcos (0,0 + %ﬂéml [cos ((2w, + @) 2+ cos (2w, ~ ) 1) ] ) ) (A2)

Assuming identical modulation indices, m; = m, = m, the laser diode third-order trans-

fer function can be obtained from Eqn. (A.2) as

<I?m>
IM, = 10log| ————
<>

2
where <I?m > = %aiPé 6 , < Ii > = %mng[l + %a3m2]
9m4a§
Thus, /M, can be simplified and expressed as/M, = 10log

2
16(1 + %aynz)
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Appendix B

Expression for Responsivity R

The responsivity of the MSM is given by

AY
R= 3 A,[V, +V,cos(w,,0)]"Tank[a (V. + V,,cos (&,,1))]
n=0 (Bl)
The hyperbolic function 7arnh can be assumed to be unity for analysis purposes. Let N=3,

then the responsivity becomes: 3

2
R = Ajg+A [V, +V cos(0,)]+A,[V, +V,cos(0,1)]

: 3
-1-A3 [V,o + V,ocos (w,ot) ] B2)

Consider the second term in Eqn. (B.2):

2
(Vi +V,cos (0,,1)]

2
= V3c+ 2V .V ,c08 (0,,0) + Vfocos (®,,1)

2
- V2 42V, V, cos (@, 1) + vfo[

1+ cos (2(0,01‘)]
2

1 l
= Ve + 22 +2V,V1,008 (6. ,f) + —22c05 (2 (0;,1)

Similarly, the third term in Eqn. (A.1) can be expanded as follows:

3
[Vdc +V, cos ("’zo‘)]

= Vi +3V5.V, cos (0,,1) +3V,, V2 cos (0,,0) 2 + Vo, cos (0,1

¢’ lo
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c’ lo

1 2
= Vi +3V2,V, cos (@, 1) +3V, V [ + cos( (w""))]

2
3 [3cos (w,,?) + cos (3 (w,,0))
Vel : ]
3v, V2 3V,
= Vj 4 —dc Lo (3V2 Vip+ —— ]cos (0,0
C 2 o

3v, V2

+ de’ lo

cos (2w,,1) + — 2 cos Bo,n

4

Thus the final expression for R is as follows:

2

R=Ag+A,V, +A, [vz +V2)+A (Vjcaf 3Va "Vf"]

i 3V2,

1AV +24,V,. V), + Ay 7 )| (@)
L
- v: 3V, VP A3V,

+ LAz_zl_q_,_Aa__dzc_’o cos (2w, 1) + 4’ cos (30,,1)

Rearranging the above terms in order, the final expression for responsivity can be written
as follows:

R = K, +K,cos (0,,t) +K,cos (20,,t) + K,cos Bw,n

where the coefficients K »(n=0,1,2,3) are given in terms of A »(n=0,1,2.3) as follows:

3 AVio
Ky = A3V + A,V + (Al + §A3Vfo)vdc +Ag+—5

3
K, = 3A3Vzavfic +24;VVac + ZA3V?0 +A,V),

lo

3 1 1
K, = §A3Vfovdc+§A2Vfo" K, = 3A3V3
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