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ABSTRACT

Techniques to measure high speed photodiode performance have been
reviewed. A number of heterodyne systems have been compared and their
limitations discussed. A measurement system, using a novel detection
scheme, has been developed. The operating frequency range is >40 GHz

and the dynamic range is >20 dB.

A Heterodyne system which returns both the phase and the magnitude of
the photodiode response has been presented. The results have been

compared with time-domain measurements.

A new measurement system based on Integrated Optic Modulators has been
described. The system produces a continuously levelled, modulated
optical signal of >4 pW at frequencies of up to 22.6 GHz and at

selected frequencies up to 25.6 GHz.

Results measured with an electrical autocorrelation system have been

presented. This system has an estimated bandwidth of 40 GHz.

A procedure to correct for errors due to electrical reflection between

the device under test and the measurement system has been described.

Three photodiodes have been measured by GTE (USA) using the FM sideband
technique and at NPL using Heterodyne and Integrated Optic Modulator

systems. Good agreement has been obtained with errors typically <1 dB.

Deconvolution techniques for extracting the device response from the
measured waveform have been reviewed. An optimal method has been

developed which is suitable for non-specialist users.

The effects of noise on a sampling system have been discussed. An
algorithm to remove or reduce the effects of jitter has been presented.
Techniques to measure jittered signals using both analogue and digital

sampling oscilloscopes have been described and results presented.

The concept, philosophy and requirements for a photodiode risetime
transfer standard have been discussed. A simple numerical model has
been used to determine the optimum diode and package design. Three
iterations of the design cycle have been reported. A 40 ym diameter

optimised device has a 3 dB frequency of 17 GHz.
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GENERAL INTRODUCTION

1. BACKGROUND

Metrology, the science of measurement, is fundamental to the
technological society in which we live. Good and accurate measurements
are the basis for trade and are required to maintain efficient and
competative industries. As technologies change and advance, the need
for new measurements and new measurement standards will arise. Much of
the work of the National Physical Laboratory (NPL) is involved with the
development and provision of new and improved measurement standards. In
the UK, NPL is the focus of the national measurement system. Standards
used by industry can be referred back to the primary standards held at

NPL by this means.

NPL has an extensive programme of research to develop standards for
fibre optics. The fibre optics work carried out in the Division of
Electrical Science has a common theme, the high frequency modulation
properties of the fibre and optoelectronic components. At the time this
work was started, DES had existing programmes in the areas of Laser
Measurements and Picosecond Optoelectronics. It was therefore a natural
progression for the high frequency modulation properties of the sources

and detectors to be covered by this division.

2. AIMS OF THE WORK COVERED

This thesis is based on a programme of work to develop suitable
measurement techniques to characterise the optoelectronic components
used at either end of an optical fibre. The wavelength range of
interest was 1 - 1.6 ym, covering the main fibre optic communications
wavelengths of 1.3 pym and 1.55 uym. The aims of this programme were
threefold: to provide improved measurement techniques; to provide
numerical methods to decrease the uncertainties in the measured result
and improve comparisons between different systems; and finally, to
provide calibration artifacts which can be used to disseminate

standards of temporal and frequency response measurement.

Photodiodes were identified as suitable devices for use as the transfer
standard devices. The fabrication of these devices could not be carried
out at NPL because we have no semiconductor facilities and so this work

has been carried out in collaboration with Plessey Research (Caswell).



3. LAYOUT AND CONTENT OF THE THESIS

The thesis is divided into three parts, covering the major areas of
work. The order in which the contents have been presented has been
chosen to form a coherent and structured pattern, allowing the reader
to build on information presented in previous chapters. There are a few
instances where reference has been made to work presented in 1later
chapters but these have been minimised. There may also appear to be
some inconsistancies in the measurement practices adopted during the
course of the work. These arise because the order of presentation has

little bearing on the sequence in which the work was performed.

In the first part of the thesis, different measurement techniques are
described and new measurement methods are presented. Procedures to
increase the accuracy of frequency response measurements are described.

Comparisons between the different methods are presented.

The second part of the thesis describes numerical methods to improve
the accuracy and interpretablity of the measured results. The measured
results will be a convolution of the source, measurement system and
unknown device responses. At high speeds (<100 ps timescale), these
components will be comparable and it will therefore be difficult to
separate out, by inspection, the response of the unknown device. The
deconvolution method presented is designed for use with a photodiode
risetime transfer standard, to determine the response of an unknown

device.

An analysis of the effect of Jitter, the uncertainty in time between
the trigger and the measurement signals, is also presented in this part
of the thesis. Techniques to measure signals containing jitter and an

algorithm to remove the effects of the jitter are described.

The third part of the thesis describes work performed as part of a
joint research programme, in collaboration with Plessey Research
(Caswell), to develop high speed photodiodes for use as transfer
standards for temporal risetime and frequency response. The
requirements for these devices is discussed and the possible photodiode
structures are compared. A numerical model of the photodiode has been
used to determine the optimum design. The aim is to simultaneously
maximise the diode active area and the bandwidth whilst retaining a
good electrical return loss. Results obtained during three cycles of

the design procedure will be presented.



PART 1

TECHNIQUES FOR THE ACCURATE MEASUREMENT
OF PHOTODIODES WITH FREQUENCY RESPONSES
TO MILLIMETRE WAVELENGTHS



1. INTRODUCTION TO MEASUREMENT TECHNIQUES

1.1. BACKGROUND AND CONTENT OF PART 1

This chapter provides an introduction to the first part of this thesis.

The rationale for the work is outlined and the basic terms are defined.

Measurement is becoming increasingly important for the development of
current and future communication systems. Standards for optoelectronic
device metrology are being developed at NPL as part of the picosecond
optoelectronics and fibre optics programmes. Fibre optics is the main
driving force behind the development of the high speed optoelectronic
devices. Optical communications systems with >2 Gb/s data rate are
planned for installation within the next two years!. The development of
future systems, operating at higher bit rates, will require advances in

the optoelectronic device metrology to underpin such work.

In this part of the thesis a number of different measurement techniques
will be evaluated and compared. The comparison of the different
techniques 1is an important part of the evaluation process. New
measurement systems, which overcome systematic errors inherent in
conventional techniques, will be described. Procedures to improve the

accuracy of frequency response measurements will be presented.

1.2. MEASUREMENT DOMAINS

Measurements are normally performed in either the time or the frequency

domain. These two domains are related by the Fourier transform:

F(f)

r f(t) exp(-2njft) dt (eq. 1)
and -

£(t) r F(f) exp(2njft) df (eq. 2)
where f(t) is the time domain and F(f) is the frequency domain

representation of the signal.

Under certain conditions?, a waveform in one domain can be transformed
to the other and vice-versa. The Discrete Fourier Transform (DFT) and
Fast Fourter Transform (FFT) are more generally used to process

measured results.

The major application of fast photodiodes is for digital



telecommunications, time is therefore the natural measurement domain.
However, limitations of the measurement systems may make it impractical
or even impossible to perform measurements in the time domain. A
temporal measurement of a device response is exactly equivalent to a
measurement of the frequency and phase responses of the device. In the
case of an electrical device it is possible to define standards which
determine the reference plane for the phase measurements. It would be
difficult to define suitable reference planes for an optoelectronic

device.

1.3. LIMITED MEASUREMENTS

As has already been stated, at high frequencies it may not be possible
to determine both the phase and the frequency responses of a
photodiode. A partial characterisation of the device can be obtained by
measuring the magnitude of the frequency response. If a suitable system
is chosen so that the degree of modulation of the optical signal is
known, then the device response can be determined by measuring the r.f.
power as a function of frequency. The temporal response of the device

cannot be determined as no phase information is available.

1.4. PARAMETRIC MEASURES

Figures of merit such as the Full Width at Half Maximum (FWHM) of the
impulse response, the risetime of to a step excitation T, and the
frequency at which the power in the modulation response drops to half
(3 dB frequency) are commonly used to describe the performance of a
‘device. These simple parametric measures are very helpful but should be
treated with some caution as the result may be strongly dependent on
the choice of the reference. For example, at low frequencies (<1 GHz)
the resoponse of a fast photodiode may rise by 1 dB or so because of
signals from light absorbed in undepleted material. The 3 dB frequency
would therefore be strongly affected by the choice of the zero dB
reference. The risetime of an impulse response is sometimes quoted.

This is not a particularly useful parameter and should be ignored.
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2. COMB HARMONIC METHOD

2.1. INTRODUCTION

A train of impulses in the time domain has the important property of
being equivalent to a comb of harmonics in the frequency domain. The
spacing of the harmonics in the frequency domain Af will be uniform and
will be related to the separation of the impulses in the time domain
such that Af = 1/At. Using the Fourier transform relation between time

and frequency, it can be shown that a convolution in the time domain
corresponds to a multiplication 1in the frequency domain and

vice-versal.

) 63GHz ‘
N |
| "I~~~ ]-3dB
Sps
K A A A )L }{’[
‘ 10ns | 100
a - MHz
Time —» Frequency —»

Figure 2.1. Relation between a comb of pulses in the time

and frequency domains

An impulse is a mathematical concept and therefore an optical impulse
is not physically realisable. Modelocked 1laser sources can produce
pulses of picosecond or sub-picosecond duration. These pulses are often
considerably shorter than the photodiode response and will therefore
behave as optical impulses. The non-zero width of the optical pulses in
the time domain will correspond to an envelope in the frequency domain.
This. relationship 1s illustrated in figure 2.1. The width of the
pulse is normally determined by autocorrelation, performed using second
harmonic generation (SHG) in an optically nonlinear material such as
lithium iodate. The strength of the second harmonic signal 1is
proportional to the optical intensity squared. Autocorrelation using
SHG in nonlinear optical materials requires relatively high peak

powers, of the order of several watts, to produce a real time response



and this tends to 1limit its application to the measurement of higher
power lasers. However, the method has been sucessfully applied to
semiconductor laser diodes? with peak powers in the milliwatt range.
The pulse shape cannot be deduced from the autocorrelation trace
however, a theoretical approximation such as a Gaussian or sech? pulse
shape can be fitted to the autocorrelation trace. The envelope of the
pulses in the frequency domain can be determined directly from the

autocorrelation trace or by using the fitted curve.

The frequency response of a photodiode can be determined using a comb
of ultra-short pulses to excite the detector. The power in the harmonic
can then be measured using a spectrum analyser. The measurement could
be performed in one of two ways: either as an absolute measurement or

relative to a second detector whose response is known.

To perform an absolute measurement the response of the spectrum
analyser must be calibrated and the pulse width of the source must also
be known. Measurements of this type have been performed by Burrus using
a 100 MHz colour centre laser3 and by Parker using a colliding pulse

modelocked dye laser?

If a relative measurement is required then the accuracy is determined
by the stability of the spectrum analyser and laser over the period of

the measurement and the accuracy of the reference detector calibration.

2.2. EFFECTS OF NOISE ON THE OPTICAL COMB SPECTRUM

Consider the effect of an amplitude variation that causes no change to
the pulse shape. The amplitude modulation of a sinusoidal carrier at a
frequency w, by a sinusoidal modulation frequency w, gives rise to
sidebands at w, *w, (equation 1). Since the pulse shape of the comb is
unchanged, each of the comb harmonics will experience an equivalent
modulation. Amplitude modulation, therefore, gives rise to sidebands
for each of the comb harmonics, with a fixed ratiometric relation
between the comb and sideband amplitudes as illustrated in figure 2.2

a and b.
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cos((w,+ Bsin(w,t))t) = J,(B) cos(w,t) (eq. 2)
+k§=l Ji (B) (cos((w, - kw,)t)
) + (-1)* cos((w + ka,)t) )

where B is the modulation index and J,(B) is a n'P order Bessel
function of the first kind.

Extending this analysis from a single frequency to a comb of harmonics,
the modulation index of the it" harmonic (B;) will be iB, so that the
pulse shape remains unchanged. The higher harmonics of the frequency
modulated comb will therefore have more power in the sidebands, unlike

the case of the amplitude modulated comb.

The example chosen here shows the harmonics and sidebands generated by
modulating a 100 MHz comb at 50 kHz with a modulation index for the
fundamental signal (B,) of 0.01. The predicted response of a spectrum
analyser with a 100 kHz resolution bandwidth has also been determined.
The results are shown on a 2 MHz span, figure 2.3 (a) shows the
response at the fundamental frequency. Figures 2.3(b) and (c) show
the response at 10 GHz (i=100) and 25 GHz (i=250).

In the example the effect of a single modulation frequency has been
considered. If the frequency variation were caused by noise or a
complex signal then broad sidebands would result. The highest useable
harmonics would be limited because the sidebands from the n'" harmonic

would run into those from the next harmonic (n+l).

2.3. DISADVANTAGE OF THE OPTICAL COMB METHOD - SATURATION

The optical pulses from the comb source can give rise to high levels of
injected signal and saturation. A typical mean photocurrent of 10 pA at
76 MHz corresponds to a charge of 130 pC/pulse. If a device diameter of
30 ym is assumed then the light will be confined to an area of < 30 um2
and the absorption depth will be of the order of 1 um. These sizes are
typical for a high speed photodiode. The initial injected carrier
density will be of the order of 10!'5cm-3 which is comparable to the
background doping levels. As the optically generated carriers move
apart, the electric field created by their presence will locally reduce
the externally applied field due to the bias voltage5. If too large a
photocurrent is injected then the reduction of the electric field will

be sufficient that the carriers can no longer be considered to be
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‘travelling at their saturated drift velocities. This will give rise to
changes in the pulse shape and therefore the measured response will be

incorrect.

~2.4. MEASUREMENT OF A DIODE RESPONSE USING A STABLE OPTICAL COMB

To demonstrate the measurement technique the response of a fast GaAs
photodiode has been measured at up to 40 GHz using a stable comb from a
dye laser. A Rhodamine 6G dye laser at 590 nm, pumped by Argon Ion laser
at 51l4nm, was used as the pulse source. The laser gives pulses with a
width of 2 ps, determined by autocorrelation, and has low jitter and

amplitude variations.

76 MHz repetition Plane ot

- B rate 2ps pulses Calibration
1

e s = SR - Spectrun

530nm Photodiode 1EE Altenuator Analyser
B

obiecive ’ GPip

interface

3V 20pA -
Current Limiting Mini
Power Supply Compuler
| v J
RF power measurement

(a) Measurement system for 76 MHz -~ 22GHz

76 MHz repetition Plane of
rate 2ps pulses Calibration
1
Dye —-1—1—— ! 40GHz :
Laser Ga As ) Bias |- 6dB Signal |External| _ L.O.
590nm Photodiode 1 TEE Attenuator Mixer
[
x10 |
objective IEEE-488 ¢ |F
GPIB inlertace
v A .
CurreanlzLOirl;iling Mini Spectrum 2-8GHz
Power Supply Computer <] Analyser Amplifier

(b) Measurement system for 18.6-26.5GHz

and 26.5GHz —40GHz RF power measurement

Figure 2.4. Comb measurement system using dye laser at 590 nm

The detector under test was a commercially available GEC GaAs device
(#AOPHO17.AB.11.1) with a circular active area of 20 ym in diameter
(*1). The diode was biased at 3 V through a Wiltron K250 40 GHz bias
tee. The measurement systems are shown in figures 2.4 a and b. The

measurements were performed at frequencies below 20 GHz using a

(*1) Private communication: S Jones, GEC Hirst Research Plc,

1988.



spectrum analyser and preamplifier. At higher frequencies external
mixers were used to cover the frequency ranges 18.6-26.5 GHz and
25-40 GHz. The external mixers do not contain a preselector and
therefore a large number of spurious components will be present in the
trace. It is essential that the fundamental frequency is well knowh so
that the correct signal can be identified. The system was calibrated
against a Wiltron 70KC50 10 MHz - 40 GHz r.f. detector to compehsate
for the response of the spectrum analyser and mixers. The calibrations
were performed at a power level of -30 dBm to avoid nonlinearities in
the r.f. detector response. A Wiltron 26.5 GHz sweeper was used as the
power source. At frequencies above 26.5 GHz a doubler was used to
extend the frequency range. The calibration systems are shown in

figures 2.5a and b.

. 40GHz

10MHz -26.5GHz ] 20d8 10dB oF Nanovolimet er

Sweeper Attenuator Attenuator Detector

Power source (-30dBM) for 76 MHz-25 5GHz RF Detector Calibration
reference 76MHz-40GHz

10MH2z -26 SGHz RF Power Frequency 10dB ‘l RF Measurement

Sweeper Amplitier = Doubler Attenuator System

P 2-20GHz
4 RF Power meosureme‘nt
system to be calibrated
- RF - Power | | 20dB
N Detector Divider Attenuator

. Power source (-30dBM) for 26.5-40GHz . . N
Y

RF Power sources RF Power measurement sysiems

Figure 2.5. System to calibrate the sensitivity of

the spectrum analyser and mixers

The results are shown in figure 2.6. The scatter in the measurements
over the 26.5 -~ 40.0 GHz band was mainly caused by the large variations
in the mixer sensitivity. The measured 3 dB frequency for this
photodiode was 19.6 GHz with an uncertainty of 2.8 GHz. The ripples in
the result are due to electrical reflections between the photodidde

under test and the measurement system.

This example demonstrates that measurements of a photodiode response

can be made over a wide frequency range using a stable comb of
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then corrections can be made for the response of the laser and for
variations in the sensitivity of the measurement system. Two factors
are necessary for the corrections to be accurate: firstly the laser
comb must be stable for a period greater than the measurement period
and secondly the spectrum analyser response must be linear. The overall
accuracy of this type of measurement will be lower than that of a
single direct measurement because two sets of measurements must be
taken.

- Bias
supply
Comb dfiven -LtLI_—.l- Photodiode 10d8 RF Spectrum
laser diode > under "
source l TEST attenuator amplifier analyser
]
Optical
fibre i
Research
photodiode m”mhh
as reference freauency

Mini computer

Figure 2.8. Layout of the comb harmonic measurement system using
the AT&T diode as a transfer standard

The technique has been demonstrated using an Oﬁtoelectronics PPL50M
laser as the source of the optical pulses. The FWHM of the pulses
measured using a sampling oscilloscope is 60 - 70 ps, corresponding to
a 3 dB frequency of about 3 GHz. The variation of the power in a number
of the comb harmonics, measured over a twelve hour period, is shown in
figure 2.7. The results indicate that the optical comb from the laser
system is very stable although as one might expect the stability is
reduced at the higher harmonics. The power in the harmonics has dropped
by over 40 dB at 18 GHz when compared with the power in the
fundamental. The dynamic range of this system is therefore considerabiy

reduced at high frequencies.

A sequence of measurements were performed with both the Plessey and
AT&T devices. The layout of the measurement system 1is shown in
figure 2.8. Figure 2.9 shows the mean response and the error bars
indicate the 95% confidence 1limits of the measurements due to

statistical errors. No corrections have been made for the systematic
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stable comb from a laser at 1300 nm to determine the response of a
GaInAs photodiode. This photodiode had a measured 3 dB frequency of
14 GHz. Over the range of measurement (18 GHz), the power in the
harmonics dropped by over 40 dB. Despite the considerable drop in the
comb power at higher frequencies a dynamic range of greater than 15 dB

was achieved at all frequencies.

The comb harmonic method can be used either with a calibrated spectrum
analyser or with a calibrated transfer standard photodiode to measure
the response of an unknown photodiode. The limitations and merits of
the method have been discussed.



3. BEAT FREQUENCY METHOD

3.1. INTRODUCTION

The absorption of light within a semiconductor material gives rise to
electron-hole pairs in proportion to the intensity of the incident
light. The photocurrent produced By two plane polarised optical signals
with different optical frequencies incident 6n é photodiode will be
given by:

I, =9 (P, + P, + 2[P,P, cos((w, - w,)t) cos(d) ) (eq. 1)

where I, is the photocurrent; 7 is the sensitivity in A/W; P, and P,
are the optical intensities in watts; «; and w, are the laser
frequencies in radians/sec and @ is the angle in radians between the

polarisation vectors of the two signals.

The heterodyne principle is shown in figure 3.1. This measurement
technique has been used by a number of authors to measure photodiode

responses at a variety of wavelengths®-14,

wil we

wl—wl

20 GHz 1 l 200 THz

Electrical Frequency —> Optical

signals signals”
(1.53 um)

Figure 3.1. Heterodyne principle

If the optical frequencies of the two sources can be accurately
controlled the magnitude response of the detector can be determined by
measuring the r.f. power in the beat and the photocurrent due to the

two optical signals. If the beat frequency resolution required is



+20 MHz then this would correspond to a source stability of $10-7 for

the two lasers at a nominal wavelengths of 1.5 um.

Tunable optical sources are required in the 1 - 1.6 uym region of
interest for fibre optic communications applications. Gas lasers such
as Helium-Neon at 1.522 nm will give linewidths of the order of 1 MHz,
limited by Doppler broadening, but the tunable range will be limited.
The power available from these sources is of the order of a few

milliwatts.

Nd-YAG ring lasers at 1319 nm can be thermally tuned to give difference
frequencies of up to 20 GHz with linewidths of a few tens of
kilohertz!5-16, By careful device selection the difference frequency
range can be extended to roughly 40 GHz (*1). This type of laser will
give powers of a few milliwatts. Neodymium lasers using a NaNdP,0,,
host can be tuned from 1.312 pm to 1.334 um giving a potential range of
3.8 THz17.

Colour centre lasers can be tuned over the range of interest and have
linewidths comparable to those of the gas laser sources!®. The optical
power available from such sources is higher - several tens of
milliwatts. However, this type of laser has a number of drawbacks: it
is optically pumped, requiring several watts of optical power and the

crystal must be kept at cryogenic temperatures.

The power requirements to measure photodiodes are modest and therefore
semiconductor lasers offer the potential of providing a compact and
portable source with low power requirements. A typical Fabry-Perot
semiconductor communications laser will emit a spectrum of modes. Such
a laser would be unsuitable for use in a beat frequency system. Two
approaches are available to ensure that the laser produces a single
optical frequency: either a frequency selecting element can be
incorporated into the diode structure, or the laser can be

anti-reflection coated and incorporated into an external cavity.

3.2. DISTRIBUTED FEEDBACK AND DISTRIBUTED BRAGG REFLECTOR LASERS

The Distributed Feedback laser (DFB) and Distributed Bragg Reflector

(DBR) lasers incorporate a grating within the laser cavity to reduce

(*1) Private communication: D Wake, BTRL, Ipswich, Suffolk
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Figure 3.3. Multi-electrode DBR structure (after Lee)

for a buried heterostructure (BH) DFB laser grown by atmospheric metal
organic vapour phase epitaxy (MOVPE) with 25 nm of detuning at a power
of U4 mWw25.26,

Under modulation the lasing frequency shows a tendency to chirp27
causing inter-symbol interference in communication systems. This
property can be used to provide the basis for a measurement system and
will be discussed later.

The distributed Bragg reflector (DBR) lasers offer the potential of
tuning ranges in excess of 1 THz28. The multi-electrode structure
allows separate adjustment of the gain, phase matching and grating
regions?9:3%, The control of the currents to each of the elements can
be performed under computer control, allowing the direct selection of

the desired optical frequency3!.

3.3. EXTERNAL CAVITY LASERS

The inclusion of &a semiconductor laser into an external cavity can
greatly reduce the linewidth. R Wyatt at British Telecom Research
Laboratories has developed an external cavity laser diode system with a
lineyidth of 10 kHz32., These 1lasers have been more recently
re-engineered33 to give a rugged and compact source. Other authors have
also been developing extended cavity laser sources for
spectroscopy34:35 and to improve the stability of caesium clocks by

optical pumping3®.

3

Integrated optic devices have also been used in external cavities to



provide 1linewidth reduction and modulation capabilities37. External
cavities have been used with DFB lasers3®:39 and DBR lasers for

coherent optical communications’®.

3.4. LOSS PENALTY CAUSED BY BEATWIDTH

The 1linewidth of the external cavity lasers is only a few tens of
kilohertz and therefore the width of the beat signal was considerably
smaller than the resolution bandwidth of the spectrum analyser. If the
width of the beat signal is comparable to, or greater than, the
resolution bandwidth of the spectrum analyser then a lower power will
be measured than would be predicted from equation 1. The reduction in
measured power is because the spectrum analyser measures the spectral

density of the beat signal as expessed in equation 2.

+@

P(f,) = j S(f,- £') B(f,-f') df' (eq. 2)

where P is the observed power at a frequency f,; S is the spectrum
analyser power spectrum response function; and B is the beat frequency

power spectral density centered at frequency f,.

A lower 1limit to the sensitivity will be imposed by the noise
performance of the spectrum analyser. This will give a reduced dynamic
range for the measurement system. These effects are illustrated in

figure 3.4.

The signal to noise ratio of the beat signal cannot be enhanced by
reducing the resolution bandwidth of the spectrum analyser because if
the beat width is large compared to the resolution bandwidth of the
instrument then the ratio of the beat power and the noise power will be

nearly constant.

The lineshape of a DFB laser is normally assumed to be Lorentzian and

so the beat signal will also have a Lorentzian lineshape:
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Figure 3.4. Effect of spectrum analyser bandwidth and noise limits

on the measured beat signal
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I (f) = (eq. 3)

and the FWHM of the beat signal will be the sum of the FWHMs of the two

lasers:
&fy, = 6f, + 6f, (eq. b)

where I, (f) is the spectral density of the photocurrent at a frequency
f; f3 is the laser frequency and &6f,, 6f, and &f, are the full width at
half maximum (FWHM) of the beat signal and the two lasers respectively.

The filter response of a typical spectrum analyser (HP 8566B) will be
approximately Gaussian®! and therefore the expected insertion loss and
the error in the measured width can be readily calculated. Figure 3.5
shows the variation of the insertion loss with the width of the beat
and figure 3.6 shows the error between the width of the measured and
the true widths as a function of the true width. The calculations have
assumed Lorentzian and Gaussian lineshapes for the spectrum analyser
and heterodyne signals. A filter width of 3 MHz has been chosen for the
spectrum analyser. Neither the laser nor the spectrum analyser will
have the ideal characteristic assumed though the error in the result is

expected to be small.
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Figure 3.5. Variation of the insertion loss with beatwidth

This analysis assumes that there is no correlation between the



MHz

Error,

amplitude and frequency noise. The amplitude of the beat signal remains
constant for small changes in the 1lasing frequency. The 1lineshape
therefore represents a probability density distribution with frequency.
This infers that the spectral distributions of the optical signal, éLe
photocurrent and the r.f. power will be identical. If there were a
correlation between the amplitude and frequency noise then the spectral
distributions would differ.

3.5. OPTICAL FEEDBACK

Feedback from reflections within the measurement system may cause the
laser linewidth to vary. Both DFB and DBR lasers are very sensitive to
optical feedback causing instability in the lasing wavelength and
linewidth%2:43, This has been studied and fiVé distinct regimes of
optical feedback have been identified"’.
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Figure 3.6. Effect of the spectrum analyser response on the

measured heterodyne width

The effects of optical feedback can be reduced by the inclusion of
optical isolators. The phase of the reflected signal will be dependent
on the distance to the reflection, and on the laser frequency.
Therefore as the laser is tuned the reflections within the system may
give rise to a systematic variation of the beatwidth. The optical
isolator can be positioned close to the laser and although some
reflection may be present the systematic variation of the beat width

will occur over a much larger frequency range. Figure 3.7 shows the



effect of optical feedback in a heterodyne system. In the upper trace,
the optical coupling from the laser to the optical fibre was maximised,
giving a launch efficiency of 25 - 30%. The laser was optically
isolated (30 dB) and the optical feedback level is expected to be less
than -40 dB. The observed signal shows ripples of roughly 5 dB which
are believed to be caused by the variation of tﬁe laser linewidth which
affects the insertion loss. If the lens launching the light into the
fibre is defocussed, giving a 10 dB loss of signal and reducing the
optical feedback by roughly 20 dB, then the ripples in the response are
considerably reduced.

Frequency,GHz

2 2.5 3 3.5 4
-20 l | I l
_25 | ' ; Good.opucol

coupling

Poor optical
coupling

Signal,dBm
&
o

-40 L
Figure 3.7. Effect of optical feedback on the beat signal

3.6. MEASUREMENTS USING AN EXTERNAL CAVITY DIODE
LASER BEAT FREQUENCY SYSTEM

A beat frequency measurement system consisting of two external cavity
laser diodes at 1.52 uym was used to measure the performance of a

45 device. The experimental arrangement is shown in figure 3.8.



Optical isolators were included in the system otherwise feedback from

reflections would give rise to frequency instability in the lasers.

. Diode
Diode . O O C>j Picoammeter|— bias
laser #1 Polarisation supply

- controller
Optical \ / )
.isolator -
. Photodiode
under test
Diode )
laser #2
Optical
isolator Spectrum
Mini computer analyser

Figure 3.8. Experimental layout for beat frequency measurements

with extended cavity lasers

The lasers are the external cavity devices developed at BTRL32. The
length of the cavity is about 7.5 cm giving rise to a longitudinal mode
spacing of roughly 2 GHz. The lasers are tuned by adjusting the grating
angle and etalon spacing using piezoelectric positioners. The tuning
range between mode jumps is one or two hundred megahertz. The laser
linewidth is a few tens of kiloherti which is very much less than the
resolution bandwidth of the spectrum analyser. The high mechanical
stability requirements for the external cavity laser makes this system
very sensitive to vibration and temperature change. For this reason the
‘Spectrum analyser had to be operated with a span of 100 MHz to avoid

losing the signal.

The optical powers of the lasers vary during tuning and therefore the
photocurrent was monitored to allow the results to be corrected for the
variation of the beat power. The mean photocurrent measured with the
Plessey photodiode was roughly 33 pA at a beat frequency of 2.2GHz. The
mean measured r.f. power was ~52 dBm. which is in good agreement with

the theoretically calculated figure. -

-The measured signals were corrected for noise, variation of the beat

signal during tuning, and the response of the spectrum analyser. The
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1532 nm using a DFB beat fequency laser system. The layout of the
measurement system 1is shown in figure 3.11. Two optically isolated
Double Channel Planar Buried Heterostructure (DCPBH) structure DFB
lasers with 550 pym cavity length were used to produce the beat signal.

The laser structure is shown in figure 3.2.

One of the two lasers contained a GRIN lens external cavity to reduce
the linewidth., The 1laser linewidths were 24 MHz and 800 kHz
respectively for the standard and external cavity devices. The isolator
performance was better than 30 dB. The lasers gave photocurrents of
15.8 pA and 14.4 - 33 pA on the AT&T device.

A 50/50 optical fibre coupler was used to combine the signals as this
gives good overlap of the optical fields from the two lasers. Early
experiments, performed using a beam splitter cube in place of the fibre
coupler, showed that the maximum photocurrent did not necessarily
coincide with the optimum beat signal, suggesting that the wavefponts

from the two lasers did not overlap well.

DFB Laser
—_— ‘
No. 1 Polarisation Pico B Bias
Controller Ammeter| | supply
Optical
Isolators Y
DFB Laser - Photo-
No.2 Diode

\

Mini- Spectrum
Computer Analyser

A

Figure 3.11. Layout of DFB beat frequency system

The external cavity laser was kept at a fixed frequency and the
standard DFB was tuned by varying the current. This will give rise to a
small systematic error as the laser linewidth is a function of the
drive current. The photocurrent is approximately linear with laser
drive and therefore the corrections for power variation were made using

the measured values at 2 and 18 GHz. The signal was amplified using an
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cavity laser in that the former technique is continuously tunable.
However the wide beatwidth introduces sensitivity penalties due to

insertion loss, if a spectrum analyser is used as the detection system.

3.8. ALTERNATIVE DETECTION STRATEGY FOR DFB HETERODYNE SYSTEMS

The insertion loss due to the 1laser beatwidth imposes severe
limitations on the use of a spectrum analyser as a detection system. If
the width of the beat signal were to vary as a function of frequency
this would give rise to serious systematic errors in the measurement.
An alternative detection strategy would be to use r.f. detector diodes
directly to measure the signal. These devices have a reasonably flat
response and can extend to greater than 50 GHz in coaxial geometries.
The variations of the beat width would not alter the measured signal.
The drawbacks are as follows: firstly at high signal levels the
response will be sublinear, and secondly some decoupling must be
provided to overcome problems caused by the dc photocurrent. The
sensitivity of a typical device is 0.5 mV/pW at 1pW r.f. power. The
minimum power that can be detected is of the order of -60 dBm, limited

by the measurement of the small dc voltages involved (0.5 uV).

To obtain a beat power of -30 dBm, assuming equal laser powers, a mean
photocurrent of 200 pA is required. For a 5V bias voltage and a
sensitivity of 0.85 A/W this would give a total device power
dissipation of 1.24 mW. This may present power dissipation problems for
small area devices of 30 pm diameter or less. If the temperature of the
active area were to increase significantly this might affect the drift

velocities of the carriers and hence the speed of response.

The use of r.f. detector diodes allows the design of a scalar beat
frequency system that is relatively insensitive to the linewidth of the
lasers. However, the overall system dynamic range is restricted by the
problem of measuring very small dc voltages and by the linearity of the

r.f. detector at higher powers.

During the setting up procedure for a heterodyne system the
polarisation of the two lasers is aligned to maximise the beat signal
by the use of a controlling element such as a half wave plate or a
fibre polarisation rotator. If the controlling element were caused to
rotate continuously then the beat signal would vary sinusoidally at

twice the rotation rate (equation 1). This is shown in figure 3.14.
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Figure 3.14. Modulation of the r.f. heterodyne signal

by rotating the laser polarisation vector

The layout of the beat frequency system using a rotating half-wave
plate to control the polarisation vector is shown in figure 3.15. A
photograph of this system is shown in figure 3.16. The lasers used in

this system were described in section 3.7.

The envelope of the r.f. beat signal measured by the detector diode
will vary sinusoidally and the detected signal will be measured by the
lockrin amplifier. The r.f. detector must contain a dc blocking
capacitor otherwise the mean photocurrent would change the detector
bias conditions and thus alter its sensitivity. Elements such as the
beam splitter may have some sensitivity to polarisation giving rise to
amplitude variations in the mean photocurrent. A Wiltron K250 bias tee
with a 3 dB lower frequency limit of 10 MHz was used to give a very

high degree of isolation (approximately 70 dB) between the r.f. beat
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Figure 3.15. Heterodyne system using a half-wave plate to modulate the

detected signal by rotating the laser polarisation vector

signal and the variations in the photocurrent. A fixed r.f. attenuator
of 6 - 10 dB may be included between the photodiode and the bias tee or
between the bias tee and the detector diode to improve the accuracy . of
the measurement system by reducing the errors caused by reflected r.f.
.signal power from the detector. The mean photocurrent was in the range
of 20 - 30 pA, giving rise to signals of about 0.5 uV rms on the
lock-in amplifier. Despite the low signal levels a dynamic range of
approximately 20 dB could be achieved. B

The beat frequency is controlled by varying the laser drive current.
The beat frequency can only be monitored over the range 2 - 19 GHz
because of limitations of the spectrum analyser. The tuning
characteristics have been measured over the range 48 to 96 mA in a
piecewise manner. The lasing frequency of the external cavity DFB is
tuneq between each set of measurements so that.the beat signal will be
returned to within the 2 - 19 GHz frequency range. The beat frequency
is chosen such that there will be some overlap between successive
measurement sets. The overall tuning response of the laser can then be
obtained. The results are shown in figure 3.17. The curve is nearly
linear for currents of up to 80 mA. The deviation from the 1linear

relationship is less than t 500 MHz as shown in figure 3.18.
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3.9. EXTERNAL FREQUENCY REFERENCE

The beat frequency is subject to drift over a period of a few hours and
so although the beat frequency/drive current nonlinearity can be
compensated in the short term by the use of software, some errors will
still occur. Also the measurement system still requires the spectrum

analyser to provide the frequency calibration.

If the lasers were locked to some form of reference then drift due to
current and internal temperature variations of the laser would be

compensated.

Figure 3.20 shows the layout of an all fibre interferometer network
to control the beat frequency and the signals expected at each output.
The path imbalance between the two Mach-Zehnder arms is 1 metre giving
a free spectral range of roughly 200 MHz. It was hoped that the
interferometer system would allow measurements to be made at multiples
of the free spectral range frequency by locking the laser to a fringe.
The spectrum analyser would only be required to provide an initial

calibration of the Mach-Zehnder free spectral range.

Two major problems were encountered in preliminary experiments: the
first is due to the temperature sensitivity of the interferometer
(2 GHz/°C), and the second is due to birefringence of the optical

fibre.

The thermal drift does not present too serious a problem because both
the interferometers drift together in frequency. If the lasers were
each locked to an interferometer fringe then the change in the
difference frequency would be small. A serious problem could arise if
the frequency drift were sufficient to cause the external cavity laser
to mode-hop. If this were to occur the knowledge of the beat frequency
would be lost. The interferometer is mounted in a thermally insulated

enclosure to reduce these effects.

The drift of the beat signal has been measured over a three hour
period, together with the output from the two interferometers. The
results are shown in figure 3.21. The top trace shows the beat signal,
measured by the spectrum analyser. The overall drift is approximately
500 MHz. The periodic cycling of the beat frequency was due to the
air-conditioning which alters the room temperature by up to 4°c. The

lower traces show the interferometer outputs for the DFB (middle) and
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Frequency shift GHz/mA

the external cavity DFB (bottom). Although the interferometer cycles
through a number of fringes, the pattern for the two lasers is almost
identical. The beat frequency drifts slowly over the period and cycles
by approximately 2100 MHz with the change in thelroom temperature. The
large number of cycles of the interferometer and the relative stability
of the beat signal over the same period suggest that the interferometer

cycles by $0.5°C. During the same period the room cycles by t2°C.‘
Further work will be required to improve the thermal stability of the

enclosure.

The fibre birefringence, believed to be caused by coiling the fibre in
the thermal enclosure, presents a more serious problem. The
interferometer will have two different free spectral ranges, depending
on the polarisation vector of the light. The birefringence required to
obtain a half wave shift in a 1 meter interferometer at 1.5 um is small
(5 X 10-7). To overcome this problem the birefringence will have to be

exactly compensated.

1.4 4

1.2
1.0
0.8
0.6~
0.4 o—"® . o
0.2 >
’ . ' ' ' ' 0 ' 80 % 100

0 10 20 30 L0 50 60
* Modulation frequency, MHz

Figure 3.22. FM response of the tunable laser diode (Plessey Caswell)



3.10. HETERODYNE SYSTEMS USING A SINGLE LASER

Heterodyne systems with two lasers require close tolerence selection of
devices. Temperature tuning can be used to match lasers with
wavelengths differing by roughly 1 nm at 1.5 um. Alternatively, a
single laser can be used to provide a delayed self-heterodyne signal. A
delayed self-heterodyne approach has been used to measure the FM

performance of a laser diode’5.

The measured frequency modulation (FM) response of the 1532 nm DCPBH
laser available at NPL is shown in figure 3.22. The thermal tuning and
current tuning effects have the opposite sense. The frequency crossover
point between the two effects occurs at roughly 200 kHz (*1). At high
frequencies the FM response is roughly 400 MHz/mA. Below 30 MHz the FM
response drops off because a high pass filter was included in the

biasing arrangements.
Square wave modulation

If the laser were modulated with a square wave then the 1lasing
frequency would be switched between two values. By dividing the optical
signal in two and using an appropriate delay the signals could be
recombined to give a single beat frequency as shown in figure 3.23.
This method has been used by R S Tucker to make a beat frequency system
with a DBR laser (*2).

The DFB laser available at NPL should be able to give a maximum beat
frequency range of roughly 20 GHz, based on the FM modulation index and
the current difference between threshold and the onset of tuning
nonlinearity. The measurement layout was identical to figure 3.11. The S
laser was driven by a square wave with <160 ps rise and fall times. The
beat frequency responses for no modulation, 4 GHz and 10 GHz frequency
shift are shown in figures 3.24 a, b and c respectively. The figures
show clear peaks suggesting that an acceptable beat frequency could be
generated. At higher difference frequencies the imbalance between the
powers would have to be compensated, otherwise a systematic error would

be introduced in the result. The drive signals measured with a sampling

(*1) Private communication: C A Park, Plessey Research (Caswell)
(*2) Private communication: R S Tucker, AT&T Laboratories,
Crawfords Corner, NJ, USA
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for an opto-electronic vector network analyser system. The width of the
beat signal would be of the order of tens of megahertz even using an
external cavity source for one of the lasers. This may make it
impossible to achieve phase 1locking using the system. Electrical
feedback has been used to give a linewidth reduction of over an order
of magnitude and it may be possible to produce a phase locked beat
signal by this means’8.49,

An alternative approach is to use a technique that does not require
high phase stability. A DFB with a linewidth of a few tens of megahertz
will have a coherence 1length of several metres. Therefore the
electrical signals from the unknown device and the internal reference
can be compared interferometrically, provided that the differential
delay is less than the coherence time. Two approaches have been
considered here: a homodyne and a heterodyne technique. In both methods
a fast photodiode has been used to provide the internal reference
signal. In an electrical vector network analyser system both the signal
source and the detector are electrical. The through calibration can be
effected by connecting the input and output ports together and
measuring the magnitude and phase of the transmitted power. The results
can then be used as a reference for future measurements. In an
opto-electronic system the source is optical and the detector is
electrical. the system calibration must therefore be carried out using
a transfer standard photodiode with a well characterised response. The
magnitude of the photodiode response can be measured absolutely using
one of the techniques described in this section, however the phase
response of the photodiode may not be known. If the device has been
modelled an estimate of the phase response can be made. This can then

be used as a correction to the reference device response.
Homodyne vector measurement system

The fibre coupler used to combine the signals from the two lasers has
two output ports. One of these is used to drive the unknown device and
the other is used to drive a second photodiode which is used as an
internal phase reference. A variable attenuator and an adjustable delay
are introduced into the reference channel so that the magnitude and the
phase of the reference signal can be controlled. The layout of the
system is shown in figure 3.27.

The magnitudes of the signals in the two channels is balanced, and a

measurement of the combined signal is made for different path delays.
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internal reference. Two sets of measurements were made for each device.
The normalised interferometric patterns obtained using the Plessey and
AT&T diodes are shown in figures 3.28a and b. Twe . frequencies are

shown for each device, together with the measured data points.

The magnitude and phase responses of the Plessey diode have been
determined and are shown in figure 3.29. Results obtained by a Fourier
transform deconvolution technique from measurements made in the time
domain have also been presented. The deconvolution method is described
in part 2 of this thesis. The results show reasonable agreement except

at high frequencies where the signal is low.

The method has been demonstrated and works successfully. In principle
measurements could be made at higher frequencies provided that a
suitable transfer standard photodiode were available. However, at
present the system is slow to operate because of the number of points

required.
Heterodyne vector beat frequency system

An acoustooptic deflector or Bragg cell has the useful property that
the diffracted beam is frequency shifted by the modulation frequency.
If the light from one of the lasers in the beat frequency system is
passed through the Bragg cell then two beat signals can be produced at
wg and wy + o, 4. These two signals will be phase locked provided that
the delay between the signal and reference paths is less than the

coherence length of the laser.

The total r.f. power will fluctuate at the modulation frequency u,,, as
shown in equations 5 and 6. A phase delay at the beat frequency w,
between the signal and reference channels gives rise to an equivalent
phase difference between the Bragg cell modulation signal and the

detected beat signal.



(Vycos((wy + wyo4)t) + Vocos(uwpt + ¢))2
R

Py(t) = (eq. 5)

If only the low frequency terms are considered then the beat signal

becomes:

P, (t) = (V,)2 + (V,)2 + ZVE;2 cos(w, 4t - ¢) (eq. 6)

where P, is the power in the beat signal; w; and w,,, are the beat and
modulation signals; ¢ is the phase delay between the two signals and R

is the load impedance.

Figure 3.30 shows a block diagram of a proposed vector network
analyser system. The phase response is measured directly using a vector
voltmeter. The variable optical attenuator has been included so that
the magnitude of the beat signal can be kept approximately constant.
This is because in other work we have found amplitude dependent phase
effects (*1).

The choice of modulation frequency will be restricted by the
availability of suitable Bragg cells and the detection electronics. A
higher modulation frequency will increase the accuracy of the phase
measurement for a given system resolution and a lower modulation
frequency will simplify the detection circuitry. Commercial Bragg cells
are available at 70 MHz and 110 MHz as standard products. Higher
frequency devices operating at up to several GHz are also available
though those tend to be more expensive. Operation at 70 MHz is ideal
because of the availability of suitable devices and for the simplicity

of the electronics.
Dynamic range of vector systems

The scalar measurement system discussed earlier relied on the flatness
of the frequency response of a detector diode to give accurate results.
Both the vector measurement systems proposed use a photodiode as an
internal reference and are calibrated by measuring the response of a
photodiode transfer standard with known characteristics. The flatness
of the response is therefore less important, allowing the use of
broadband amplifiers to boost the response. Distributed amplifiers with

millimetre wave performance are available commercially.

(*1) Private communications: B Walker and R L Palmer, NPL
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At higher frequencies the sensitivity of both the transfer standard
diode and the internal reference photodiode will be reduced. This will

reduce the overall dynamic range of the system.

3.12. DISCUSSION AND CHAPTER CONCLUSIONS

In this chapter the heterodyne concept and its application to fast
photodiode measurement has been discussed. The merits and disadvantages
of conventional heterodyne systems based on external-cavity and DFB
lasers with spectrum analyser detection have been discussed. The
external cavity lasers can only be operated at selected frequencies. In
the example chosen these were spaced by 2 GHz. The system based on DFB
lasers was continuously tunable but suffered from optical feedback and
a wide beatwidth. These effects, when combined, could give rise to

serious systematic measurement errors.

A novel DFB based heterodyne system has been developed. This new system
overcomes many of the problems associated with the conventional
approach. A r.f. detector diode is used to measure the heterodyne
power. The polarisation direction of one of the lasers is continuously
rotated using a half-wave plate, causing the r.f. heterodyne signal to
be amplitude modulated at twice the rotation rate. The detected signal
can be measured using a lock-in amplifier. This system currently can be
operated to beat frequencies in excess of 40 GHz (3.5 mm) or 50 GHz

(2.4 mm) and the system has a dynamic range of more than 20 dB.

Heterodyne systems normally give the scalar frequency response of the
device being tested. The potential for using this type of system to
measure both the frequency and the phase of a device has been explored.
Two measurement systems were proposed: the first - a homodyne approach
- used a variable delay to determine the phase response of the device
being tested; the second system used a Bragg cell to offset the
frequency of one of the lasers. Two beat signals would be produced, one
of which would be offset by the modulation frequency of the Bragg cell.
When the two r.f signals from the two photodiodes are combined onto an
r.f. detector, the modulation frequency would be recovered. This would
contain both the magnitude and phase performances of the unknown

device.

Measurements have been made of the Plessey #20 photodiode using the

homodyne vector beat frequency system and the principle of operation



has been successfully proven. At present the frequency response of this
system is currently limited to about 20 GHz by a lack of suitable high
bandwidth photodiodes.

Further work will be required to provide improved diagnostic systems to
control the beat frequency of the Rotating Polarisation Heterodyne

system. Also the heterodyne vector measurement system has not yet been
proven.



L, INTEGRATED OPTIC MODULATORS

4.1. INTRODUCTION

In recent years optical modulators based on electro-optic and
electro-absorptive principles have been extensively studied. The main
areas of application for these devices have been the fields of optical
>communication, phased array radar and more recently short range
communications between integrated circuits. In this chapter techniques
using integrated optic modulators to measure photodiode responses have
been considered. Only modulators based on the 1lithium niobate
integrated optic technology have been used. These are the 'first
generation' of devices and are currently being studied for their
potential in high bit-rate and coherent optical communication systems.
The design of the modulators is not important to the thesis and will
not be covered here. The papers 2 and 6 réferenced in appendix 2
describe the work carried in collaboration with University College

London to develop wideband integrated optic modulators.

V7 7/
oo e

Figure 4.1. Simple Mach-Zehnder modulator

Light

Mach-Zehnder modulator

The simplest form of integrated optic intensity modulator consists of a
Mach-Zehnder waveguide arrangement as shown in figure 4.1. A
potential difference between the two electrodes causes a change in the
refractive index of the lithium niobate material by the electro-optic
effect. This gives rise to a phase shift between the optical signals in

the two arms of the interferometer and hence afvariation in the optical



intensity at the output. The device will exhibit a sinusoidal transfer
characteristic and must be correctly biased to ensure linear operation.
This type of modulator is limited by the capacitance of the electrodes
to frequencies of a few gigahertz. The capacitance can be reduced at

the expense of sensitivity by reducing the length of the electrode

structure.
i Electrical
RFin RFout coplanar
O\ Coplanar waveguide \ Titanium diffused 2pm waveguide
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\< \ Medulated ' l
\ ) light out { 10.1pm
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|
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Cross section of modulator

Figure U4.2. Travelling wave Mach-Zehnder modulator

If the electrode structure is modified to form part of a transmission
line, as shown in figure 4.2, then the capacitive effect of the
modulator no longer represents a limitation for the speed of response.
This will now be limited by the differencé in the propagation
velocities of the optical and electrical signals in the modulator. The
electro-optic . effect is caused by asymmetry in the electronic

polarisation of the material and is hence a fast effect.

4.2. SCALAR MEASUREMENT OF PHOTODIODE RESPONSES
Principle of operation

A Mach-Zehnder integrated optic modulator has a raised cosine bias
characteristic. Normally the device would be operated in the 1linear
regime. If the bias is adjusted to give a minimum (or maximum) optical
transmission then the light will be modulated only at even harmonics of
the drive signal, as illustrated in figure 4.3. The mean optical
power will also be a function of the r.f. drive level. This technique
has previously been used to measure the modulator response5°. The r.f.

drive power can be adjusted at different frequencies to compensate for



the modulator response and keep the mean optical power constant, thus
levelling the optical modulated signal. The following relations govern

the optical intensities of the mean and second harmonic signals:
I(dc) = 3I,(1 - cos(Z,) Jo(B;)) (eq. 1)
and

I(20) = I, cos(Z,) J,(B,) | (eq. 2)

.where I, is the maximum optical intensity; Z, is a normalised bias
parameter; and B, is the modulation index of the r.f. drive at w,. J,

and J, are zero and second order Bessel functions.
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Figure 4.3. Principle of operation of the scalar integrated optic

measurement system

In principle this technique could be used to generate optical signals
at higher harmonics, however distortion inherent in the amplifier could
give rise to competing signals of arbitrary phase. The power in these

harmonics would therefore be uncertain.



To ensure that the modulated signal can be accurately levelled it is
important that the bias point does not drift from the minimum optical
transmission, otherwise the mean optical power will be incorrect. if a
low level (B,<<B;) low frequency modulation w,: is added to the r.f.
signal then the optical output will contain a component at the

~modulating frequency:

I(w,) = I, sin(Z,) B, Jo(B,) (eq. 3)

where B, is the modulation index at the frequency w,.

A feedback loop can then be used to correct for variations in the bias
point with temperature and r.f. power. To ensure stability of the
control loop the r.f. drive signal must not‘exceed a modulation index
of about 2.2.

Measurement system

The system arrangement is shown in figure 4.4. The optical source is

a STC 1.3 ym telecommunications laser, giving 1.3 mW in single mode

fibre.
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Figure 4.4. Measurement system layout

The integrated optic modulator is an 8 GHz Mach-Zehnder device with a
V, of 6.6 V and an extinction ratio of 30 dB (GEC Y-35-5600-01). The
modulator was selected to have optical extinction at a bias of

approximately 40.5 V. This device has been modified to include a
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Figure U4.6. variation of the levelled signal with frequency

higher powers the amplifier cannot supply sufficient power to overcome
the resonances in the modulator response at 7.2 and 9 GHz and maintain
a levelled output. A 100% modulated optical signal with a mean power of
4 pW corresponds to an r.f. power of -66 dBm, assuming a 50 Q load and

a photodiode responsivity of 0.8 A/W.
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Figure 4.7. Variation of the bias voltage with frequency

The r.f. signal was measured using a spectrum analyser (HP 8566B)



pre-amplified by a distributed amplifier (ERA 0.05 - 20 GHz) to
overcome the harmonic mixing noise. The 6 dB attenuator was included to
improve the electrical reflection coefficient. The system sensitivity
was calibrated at a power level of -U46 dBm using a r.f. power meter
(HP 437B) with a broadband power sensor (HP 8485D).

The r.f. power could be considerably increased by raising the optical
power level. The modulator is rated at 10 mW optical input though
higher powers have been launched in a similar design52. However, lasers
with several longditudinal modes spaced by a few gigahertz would be

unsuitable because of intermodulation products.

The bias voltage, required to keep the modulator at the minimum of the
transfer characteristic, varies as a function of r.f. power and
frequency. The variation of the bias voltage with frequency is shown in
figure 4.7. The sharp changes in the required bias voltage at certain
frequencies are believed to be due to the electrical resonances within
the modulator. It is believed that the pattern of dissipation of the
r.f. power above and below the resonance is different, locally changing

the refractive index and giving rise to a shift in the static bias

voltage.
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Figure 4.8. Residual signal at the fundamental frequency

The residual fundamental component of the optical signal is primarily
due to power at higher harmonics of the modulation frequency. The low

level low frequency modulation used to stabilise the bias voltage will



also give a contribution but this 1is negligable. The residual

fundamental signal will be given by:
I(w,) = I, cos(Z,) By 2J,(B,) (eq. 4)

where B; is the modulation index of the r.f. distortion at 2w, .

'The variation of the residual r.f. signal at the fundamental frequency
is shown in figure 4.8. The results, typically better than -20 dBc,

indicate that the amplifier has low harmonic distortion.

Response,dB

Figure 4.9. Frequency response of the 25 pym diameter AT&T

research photodiode
Measured results

Measurements of the AT&T research photodiode! were made over the range
100 MHz to 10 GHz and 5 to 20 GHz at 100 MHz intervals. The results,
corrected for the sensitivity of the photodiode (11.7 dB offset), are
shown in figure 4.9. The low measured point at 5 GHz was caused by an
instrumentation effect. The electrical reflection coefficient of the
photodiode (S,,) has been measured to be better than -18 dB over the
frequency range of interest. No correction has been made for electrical
mismatches between the photodiode and the measurement system or

residual non-linearities in the spectrum analyser. The ripples in the



results have been attributed to these effects.

The mean statistical uncertainties in the measurement are less than
0.2 dB and the systematic uncertainties have been estimated to be
0.4 dB. All the uncertainties are at the 95% confidence level. The
results indicate that this photodiode has a 3 dB frequency of
19.2 0.8 GHz.

Future work with this system

At present the r.f. power measurement is performed using a spectrum
analyser. The r.f. signal level is relatively low (-60 to -70 dBm) and
substantially different from the calibration lével (-50 dBm). This
discrepancy presents a possible source of error as the linearity of the
spectrum analyser is not known. Also, the maximum frequency that can be

conveniently used is limited to 20 GHz by the preamplifier bandwidth.

In the near future a high power semiconductor laser, giving in excess
of 10 mW (OKI 354L), will be incorporated into the system. This should
allow a levelled signal in excess of 50 pW to be achieved continuously
at frequencies of up to 22 GHz. The higher optical power may also allow
the r.f. signal to be directly measured using a r.f. power meter. This
will give a twofold improvement in the system: firstly, the r.f.
calibration chain will be shorter, with a source of systematic
uncertainty removed and secondly, the return losses of the measurement

system will be lower.

4.3. VECTOR MEASUREMENT OF PHOTODIODE RESPONSES

Integrated optic modulators can readily be used in conjunction with a
vector network analyser and a photodiode frequency response transfer
standard to measure the response of an unknown photodiode. The layout
of such a system is shown in figure 4.10. Such a measurement system
could offer considerable advantages over the scalar techniques because
the device under test is fully characterised in terms of its optical
response and its electrical return loss. Both parameters are available
in terms of their magnitude and phase. The disadvantage is that a
transfer standard photodiode is required so that a calibration of the
system can be performed. This is because, unlike the previous system
discussed, the modulator output will not be levelled. It is therefore

‘not possible to use the system to calibrate a transfer standard device



against optical and r.f. power standards.

Automatic
network
analyser
RF | RF
Photodiode
Laser |——-"-"———"— under
test
Modulator 4
DC
Bias

Figure 4.10. Layout of integrated optic modulator based vector

measurement system

A GaAs/AlGaAs modulators with a frequency response extending to greater
than 25 GHz has been reported53. Lithium niobate devices with
bandwidths in excess of 18 GHz are available commercially5% and a
Lithium niobate modulator55 with a frequency response extending to
40 GHz and a drive voltage (V,) of 7.5 V has also been reported. It
would therefore be quite feasible to construct a system, operating at
up to mm-wave frequencies, using such components. An instrument
‘operating at up to 20 GHz is available commercially56. Vector network
analysis systems based on integrated optic modulators will not be

discussed further here.

4.4. DISCUSSION AND CONCLUSIONS

In this chapter a scalar measurement system, based on integrated optic
modulators, has been described in detail. The use of integrated optic
modu}ators to measure the magnitude and phase reéponses of an unknown
.device has also been discussed. The vector measurement technique has
the advantage that it offers a complete characterisation of the device
under test. However, the systematic uncertainty in the measurement will
depend on the accuracy of the characterisation of the transfer standard
device. This type of measurement system is unlikely to be able to

characterise a transfer standard device against suitable r.f. and



optical power standards.

The scalar measurement system was based on a commercially available
8 GHz modulator. The modulating frequency was doubled by using the
intrinsic nonlinearity of the device. A levelled, modulated optical

signal of 4 pW could be achieved at frequencies of up to 22.6 GHz. In
-the near future a high power semiconductor laser will be installed into
the system. This will allow the levelled optical output power to be

increased by almost an order of magnitude.

The maximum operating frequency of the system described was limited by
the modulator frequency response. Modulators with frequency responses
of greater than 18 GHz are commercially available5%, Suitable r.f.
power amplifiers to drive such modulators are also available. It would
therefore be possible to construct a system with a maximum levelled

frequency output in excess of 40 GHz, using the technique.























































































































































































































































































































































































































































































































































































