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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 pm 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 pm, covering the main fibre optic communications 
wavelengths of 1.3 pm and 1.55 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 later
chapters but these have been minimised. There may also appear to be 
some inconsistencies 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 years1. 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 is 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:

where f(t) is the time domain and F(f) is the frequency domain 
representation of the signal.

Under certain conditions2, a waveform in one domain can be transformed 
to the other and vice-versa. The Discrete Fourier Transform (DFT) and 
Fast Fourier Transform (FFT) are more generally used to process 
measured results.

and
F(f) = J°° f(t) exp(-2rrjft) dt 

f(t) = J°° F(f) exp(27rjft) df (eq. 2)

(eq. 1)

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 Tr 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 in the frequency domain and 
vice-versa1 .

63G Hz

-3dB

100
MHz

5ps

10 ns

Time -----   F requency

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 laser 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 is 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 is 
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 limit its application to the measurement of higher 
power lasers. However, the method has been sucessfully applied to 
semiconductor laser diodes2 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 sech2 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 laser4

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 o)c by a sinusoidal modulation frequency o)m gives rise to 
sidebands at o)c ±a)ro (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.



cos(ooct) (1 + A cos(oomt)) = A cos((o)c- 0)m)t) + cos(o)ct)
♦ A cos((a)c+ wm)t)

(eq. 1)

where coc is the carrier frequency; is the modulation frequency and A 
is the modulation amplitude parameter which will be between zero and 
unity.
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Figure 2.2. Effect of amplitude modulation on a comb of harmonics

Now consider the effect of frequency variations on the fundamental comb 
frequency. If the comb fundamental frequency coc is sinusoidally 
modulated at a frequency com with a peak deviation then the sidebands 
generated will be described by equation 2:



cos((coc+ Psin(omt))t) = J0(f!>) cos(o>ct) (eq. 2)
+ E Jk($) (cos((a)c - kwm)t)

+ (-l)k cos((o>c+ ko)m ) t) )

where $ is the modulation index and Jn(fJ) is a nth order Bessel 
function of the first kind.

Extending this analysis from a single frequency to a comb of harmonics, 
the modulation index of the ith harmonic (ĵ ) will be iftj 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 ( ^ ) 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 nth harmonic 
would run into those from the next harmonic (n+1).

2.3. DISADVANTAGE OF THE OPTICAL COMB METHOD - SATUHATI0N

The optical pulses from the comb source can give rise to high levels of 
injected signal and saturation. A typical mean photocurrent of i0 pA at 
76 MHz corresponds to a charge of 130 pC/pulse. If a device diameter of 
30 pm is assumed then the light will be confined to an area of < 30 pm2 
and the absorption depth will be of the order of 1 pm. These sizes are 
typical for a high speed photodiode. The initial injected carrier 
density will be of the order of 1015cm-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 5l4nm, 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.
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Figure 2.4. Comb measurement system using dye laser at 590 nm

The detector under test was a commercially available GEC GaAs device 
(#A0PH017.AB.11.1) with a circular active area of 20 pm 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 Pic,
1988.



spectrum analyser and preamplifier. At higher frequencies external 
mixers were used to cover the frequency ranges 18.6-26.5 GHz and 
25~^0 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 known so 
that the correct signal can be identified. The system was calibrated 
against a Wiltron 70KC50 10 MHz - *10 GHz r.f. detector to compensate 
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.

40G H z  
RF  

D e te c  tor

lOdB
A t te n u a to r

20dB  

A t te n u a to r
N a n o v o ltm e t  er1 0 M H z -2 6 .5 G H z  

S w e e p e r

P o w e r  so urce  ( - 3 0 d B M )  for 7 6 M H z - 2 5  5G H z R F  D e tec to r  C a l ib r a t io n
r e f e r e n c e  7 6 M H z - 4 0 G H z

R F  Power m e a s u r e m e n t  
s y s te m  to b e c a l i b r a t e d

R F Power  
AmpH1\er  
2 -2 0 G H Z

RF
D e te c to r

F requ ency
Doubler

Power
D iv ider

lOdB
A t te n u a t o r

2 0 d B
A t t e n u a t o r

10MHz -2 6 .5 G H z  
S w eep er

R F  M e a s u re m e n t  

S y s te m

P o w e r  source  ( - 3 0 d B M )  for  2 6 . 5 - 4 0 G H z' -----------------y-----------------------' '-----------y-----------'
RF Power s o u rc e s  R F  Pow er m e a s u re m e n t  system s

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 ~ ^0.0 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 photodiode 
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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Figure 2.6. Response of GEC GaAs photodiode at 590 nm over 0 - 40 GHz 

frequencies and a calibrated spectrum analyser.

2.5. MEASUREMENTS USING A TRANSFER STANDARD DIODE

The method described in the previous section assumes that the optical 
pulses are short compared to the detector response and that corrections 
for the optical pulse width can be made through the use of simple 
models. If these assumptions are false then an alternative approach 
must be chosen to correct for the optical comb spectrum.
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Figure 2.7. Stability of the comb power measured over 
a twelve hour period.

If measurements of the comb harmonic spectrum are made with the device 
under test and with a photodiode which has a known frequency response



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.
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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 Optoelectronics 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 ^0 dB at 18 GHz when compared with the power in the 
fundamental. The dynamic range of this system is therefore considerably 
reduced at high frequencies.

A sequence of measurements were performed with both the Plessey and 
AT&T devices. The layout of the measurement system is shown in 
figure 2.8. Figure 2.9 shows the mean response and the error bars 
indicate the 95% confidence limits of the measurements due to 
statistical errors. No corrections have been made for the systematic



Figure 2 .9 . Measured response of the Plessey #20 diode 
using the AT&T diode as a transfer standard

errors introduced by the the AT&T diode response. The results indicate 
that provided the optical comb is stable and the response of the 
transfer standard diode is known, the use of a reference device can 
considerably extend the capabilities of the measurement system.

2.6. CHAPTER SUMMARY

A train of pulses in the time domain corresponds to a comb of harmonics 
in the frequency domain. In this chapter the method for determining the 
response of a photodiode by measuring the power in the harmonics has 
been described.

The effects of amplitude and frequency modulation of the pulse train 
has been considered. Amplitude modulation of the pulse train gives rise 
to equal sidebands on all of the harmonic frequencies. Frequency 
modulation of the pulse train causes a degradation of the comb at high 
frequencies and therefore the phase noise in the fundamental frequency 
source will ultimately limit the highest harmonic that can be used. The 
limitations of the comb method, due to saturation of the optical 
detector have also been considered.

The measurement of a GaAs photodiode at 590 nm, using a modelocked dye 
laser source, has been described. The 3 dB frequency of the photodiode 
has been measured as 19.6 GHz.

A measurement method using a fast photodiode with a known response as a 
transfer standard has been described. The photodiode was used with a



stable comb from a laser at 1300 nm to determine the response of a 
GalnAs photodiode. This photodiode had a measured 3 dB frequency of 
lk GHz. Over the range of measurement (18 GHz), the power in the 
harmonics dropped by over kO 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 on a photodiode will be 
given by:

Id ■ V (Pi + P2 + 2 / P ^  cos((o)1 - c^Jt) cos(0) ) (eq. 1)

where Id is the photocurrent; rj is the sensitivity in A/W; Pj and P2 
are the optical intensities in watts; ojj and w2 are the laser 
frequencies in radians/sec and 0 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 wavelengths6“1 *.

w 1 w2

w2—w 1

200 THz 
Optical

20 GHz 
E lectrica l Frequency — >

signals signals
( 1 . 5 3  /i.m)

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 Unu

Tunable optical sources are required in the 1 - 1.6 pm 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 
kilohertz15 •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^O^ 
host can be tuned from 1.312 pm to 1.33*+ U® 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 sources18. 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*2. Distributed Feedback laser structure (Plessey Caswell)

the linewidth. These lasers have been developed to overcome the effects 
of dispersion in optical fibres at high bit rates and for coherent 
optical communications. The structures of these two types of lasers are 
shown in figures 3*2 and 3*3*

Early devices were fabricated using photolithographic techniques to 
define the grating. More recently the use of electron beam lithography 
has allowed the inclusion of a X/4 phase shift in the pattern to 
improve the yield of single mode devices19 and the tailoring of the 
grating pitch to the layer thickness within the wafer to improve the 
wavelength tolerence20.

The periodic gratings act as reflectors for the forward and reverse 
travelling waves. In a conventional DFB structure the grating is 
uniform and this gives rise to two resonance peaks. If a "phase jump" 
of X/4 is included the structure will have only a single resonance. The 
power output from the two facets can be controlled by the position of 
the phase jump. The measured linewidth (Af) varies linearly with 
inverse power21. The lasing linewidth can be reduced by extending the 
cavity length and by detuning the lasing wavelength from the gain peak 
by 5 ~ 50 nanometers2 2 • 2 3 •2 ** . Linewidths of 3 MHz have been obtained
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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 4 mW25,26.

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 
regions29,30. The control of the currents to each of the elements can 
be performed under computer control, allowing the direct selection of 
the desired optical frequency31.

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 
linewidth of 10 kHz32. These lasers have been more recently 
re-engineered33 to give a rugged and compact source. Other authors have 
also been developing extended cavity laser sources for 
spectroscopy3^*35 and to improve the stability of caesium clocks by 
optical pumping36.

Integrated optic devices have also been used in external cavities to



provide linewidth reduction and modulation capabilities37. External 
cavities have been used with DFB lasers38*39 and DBR lasers for 
coherent optical communications^0.

3.4. LOSS PENALTY CAUSED BY BEATWIDTH

The linewidth 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.

where P is the observed power at a frequency fa; S is the spectrum 
analyser power spectrum response function; and B is the beat frequency 
power spectral density centered at frequency fb.

A lower limit 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:

(eq. 2)
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Figure Effect of spectrum analyser bandwidth and noise limits
on the measured beat signal
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IB(f) (eq. 3)
2n ((f-fB)2 + ( ^ ) 2)

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

where IB(f) is the spectral density of the photocurrent at a frequency 
f; fB is the laser frequency and 6fB, 6fj and 6f2 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 Gaussian1*1 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.

Figure 3*5* Variation of the insertion loss with beatwidth

This analysis assumes that there is no correlation between the

6fB = 6ft + 6f2 (eq. 4)



amplitude and frequency noise. The amplitude of the beat signal remains
constant for small changes in the lasing frequency. The lineshape
therefore represents a probability density distribution with frequency.

*This infers that the spectral distributions of the optical signal, the 
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 
linewidth1*2•*3. This has been studied and five distinct regimes of 
optical feedback have been identified** **.

I
I
fNt"!“j-

n tX r

20 30 40 50Be at width, MHz

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 the 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.

F re q u e n c y , GHz
3.5-20

Good optical 
coupling-25
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n" "30
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-35
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coupling
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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 pm was used to measure the performance of a 
A5 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.

Polarisation
controller

Optical 
. isolator

Optical
isolator

Diode
bias

supply

Photodiode  
under test

Picoammeter

Spectr um 
analyserMini computer

Diode 
lase r  # 2

Diode  
la s e r #1

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 kilohertz 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 yA 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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Figure 3*9* Response of AT&T diode measured with extended cavity 
laser heterodyne system
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Figure 3*10. Response of Plessey #20 diode measured with 
extended cavity laser heterodyne system

Wiltron 6659B sweeper was used as the reference. The results obtained 
for the AT&T photodiode are shown in figure 3*9 and indicate that the 
response is flat to greater than 20 GHz. The response of the Plessey 
device is shown in figure 3-10. Both results show a considerable 
ammount of scatter and the overall dynamic range was approximately 
20 dB.

3.7. MEASUREMENT OF THE AT&T AND PLESSEY #20 DIODES 
USING A DFB BEAT FREQUENCY SYSTEM

A swept frequency measurement was made of the AT&T diode response at

I' g •• * |*r R: ife ! !5-f 1 afe * ^  '
■ 1 .' F r ' ^ q u i e n c y  , GHz



1532 nm using a DFB beat fequency laser system. The layout of the 
measurement system is shown in figure 3»H* Two optically isolated 
Double Channel Planar Buried Heterostructure (DCPBH) structure DFB 
lasers with 550 pm 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 laser linewidths were 2h 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 lk A  - 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 wavefronts 
from the two lasers did not overlap well.

OOP
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Optical
Isolators

Bias
supply

Pico
Ammeter

Photo-

Diode

M in i­
computer

Spectrum
Analyser

DFB Laser

DFB Laser 
No. 2

Figure 3*H* 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



ERA 0.05 - 20 GHz amplifier and measured using an HP8 5 6 6 B spectrum 
analyser. The system was calibrated using a Wiltron 6659B sweeper as 
the source assuming that the internal levelling is flat with frequency. 
The measurement was made with the spectrum analyser set to peak hold 
and the lasers were tuned under computer control.
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Figure 3-12. Response of AT&T diode measured using a DFB beat system

The results are shown in figures 3-12 and 3-13 for the AT&T and
Plessey *45 pm diodes respectively. The AT&T results show a slow ripple
with about a 6 GHz period and approximately 2 dB peak to peak
amplitude. This is also present in the Plessey diode results. The 
origin of the effect is not known, but it is assumed to be either a 
systematic calibration error or a feedback effect.
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Figure 3*13* Response of Plessey #20 photodiode measured using 
a DFB beat system

The DFB beat frequency method has the advantage over the external



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 laser 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 lpW 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 pV).

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»1^* 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 uA» giving rise to signals of about 0.5 pV rms on the 
lock-in amplifier. Despite the low signal levels a dynamic range of 
approximately 20 dB could be achieved.

The beat frequency is controlled by varying the laser drive current. 
The beat frequency can only be monitored over the range 2 - 1 9  GHz 
because of limitations of the spectrum analyser. The tuning 
characteristics have been measured over the range ^8 to 96 mA in a 
piecewise manner. The lasing frequency of the external cavity DFB is 
tuned between each set of measurements so that the beat signal will be 
returned to within the 2 - 1 9  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 linear 
relationship is less than ± 500 MHz as shown in figure 3*18.
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Figure 3-16. Photograph of the rotating polarisation heterodyne system
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Figure 3•17• Tuning characteristics of the DFB laser.

The response of the AT&T diode was measured at up to 25 GHz using a 
linear approximation for the laser current/frequency characteristic. 
The results are plotted in figure 3-19 and show a 3 dB frequency of 
roughly 19 GHz. However at higher frequencies the response shows ripple
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Figure 3*18. Deviation of beat frequency from linear fit

which may be attributed to electrical reflections. This effect will be 
discussed in chapter 6.
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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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Figure 3-21. Variation of the beat signal and the output from the two 
interferometers over a three hour period
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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 ±100 MHz with the change in the room 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 ±2°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 pm is small 
(5 X 10"7). To overcome this problem the birefringence will have to be 
exactly compensated.

1.4-,

0 .2-

100
Modula t ion f re qu e nc y  , 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 nn at 1.5 pm. 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 lasing 
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 
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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oscilloscope are shown in figures 3*25” a and b.
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Figure 3*25. Laser drive signals for 4 GHz and 10 GHz frequency shift

Sinusoidal modulation

An alternative approach is to modulate the laser with a sinusoidal 
signal and pass the light through an interferometer^6-^7 , as shown in 
figure 3*26.

The modulation of the drive signal gives rise to both amplitude and 
frequency modulation of the optical amplitude. If the light is passed 
through an interferometer with a path length corresponding to half a 
cycle of the modulation frequency, then the amplitude modulation 
effects are greatly reduced.

Eichen and Silletti used an interferometer based on corner cubes and
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Figure 3*26. Conceptual picture of the FM sideband technique. The
sidebands in the optical spectrum of a frequency modulated 
semiconductor laser are converted to a baseband AM intensity spectrum 
by an interferometer. The sidebands are spaced at a frequency .
(after Etchen and Stlletti).

suggested that a compact all fibre device could be easily made. An all 
fibre device could be easily tuned by adjusting the laser or fibre
temperature to give bright or grey fringes, thus selecting the even or 
odd sidebands.

The measurement method can be used as an absolute technique because the 
power in each of the sidebands is related. However, this assumes that 
the amplitude modulation is small. If the modulation signal is large 
the amplitude modulation terms cannot be neglected. Each of the 
sidebands will contain components due to a mixture of AM and FM terms. 
The method is better suited to use as a relative method, using a 
detector of known performance to measure the power in the sidebands. 
Results obtained using this method are presented in chapter 7* This
method will not be considered further here.

3.11. VECTOR BEAT FREQUENCY MEASUREMENT SYSTEMS

The beat frequency techniques considered so far have all been scalar 
measurements, returning the magnitude of the detector response with no 
phase information. To obtain both phase and magnitude information the 
delay within the device must also be measured. Commercial electrical 
vector network analysers require a stable r.f. signal source with low 
phase noise, locked to a phase reference. A DFB beat frequency system 
is continuously tunable and could therefore provide a suitable source



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 locking 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*18’49.

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 length 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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Figure 3-28. Normalised interference patterns to determine the phase 
response of the Plessey #20 photodiode and the AT&T reference

The measured beat power varies sinusoidally with delay and so the 
frequency and phase can then be calculated by curve fitting. A number 
of measurements must be made at each and so it is essential that the 
beat frequency does not drift during the measurement.

The lasers are believed to be sufficiently stable over the period of a 
measurement and so no offset frequency locking of the beat signal was 
performed. The beat frequency was determined from the spacing of the 
fringe pattern. The accuracy of this method will be limited by the 
calibration of the optical translation stage.

A measurement was made of the Plessey #20 photodiode, using the AT&T 
photodiode as a reference and using a Plessey research device as the
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photodiode, determined by the Vector Homodyne method and by Fourier 
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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. Tu>& 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 
o)B and coB + o)mod . 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 a)mod as 
shown in equations 5 and 6. A phase delay at the beat frequency o)B 
between the signal and reference channels gives rise to an equivalent 
phase difference between the Bragg cell modulation signal and the 
detected beat signal.



pB(t) _ (V1 cos( (toB **• a>mnd ) t) + V?cos(o)R t + 0))2 (eq. 5)

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

where PB is the power in the beat signal; o>B and wmod are the beat and 
modulation signals; 0 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.

P m  . (VJ2 + (V?)2 ♦ 2V, V? cos(a)mnHt - 0)rB\W - pR2R (eq. 6)

(*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.



4. 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 lithium 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 vyill 
not be covered here. The papers 2 and 6 referenced in appendix 2 
describe the work carried in collaboration with University College 
London to develop wideband integrated optic modulators.
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Figure 4.1. Simple Mach-Zehnder modulator

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 a; variation 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.
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Figure 4.2. 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 difference 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 linear 
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 response50. 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) = il„(l - cos(Z„ ) J0 (p,)) (eq. 1)

and

1(20)!) = I„ cos(ZJ J2(P,) (eq. 2)

where IQ is the maximum optical intensity; Zb is a normalised bias 
parameter; and is the modulation index of the r.f. drive at Wj . J0 
and J2 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 (P2<< î) l°w frequency modulation co2. is added to the r.f.
signal then the optical output will contain a component at the
modulating frequency:

I(o)2) = IQ sin(Zb) p2 Jofpj (eq. 3)

where £2 is the modulation index at the frequency a)2 .

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 pm 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 
Vn 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 -0.5 V. This device has been modified to include a



decoupling capacitor so that a static bias voltage can be applied.
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Figure 4.5* Modulator frequency response

The frequency response of the modulator is shown in figure *4.5* The 
modulator exhibits a number of relatively high Q resonant features at 
frequencies above 8 GHz. These are due to r.f. power in the lithium 
niobate substrate51. The resonances will limit the maximum continuously 
tuneable levelled modulated optical power that can be obtained from the 
system.

Ten per cent of the light from the modulator has been used to monitor 
the optical power and provide the feedback signal for the control 
loops. A maximum of 120 pW could be coupled through the system giving 
an overall optical loss of 10.5 dB. The low pass filter was required to 
separate the operation of the control loops stabilising the bias point 
and r.f. drive. Some transient effects were observed when the 
frequency, and hence r.f. drive power, was changed. These effects were 
overcome by reducing the gain of the lock-in amplifier prior to 
changing the frequency.

The output from the sweeper was amplified to give a drive signal in the 
range 16 - 22 dBm. In early experiments two amplifiers were used to 
cover the frequency range. Later a single high power amplifier, capable 
of covering the whole frequency range and giving powers of 2*4 dBm or 
greater was used.

A levelled optical signal of *4 pW could be achieved continuously at up 
to 22.6 GHz and at selected frequencies at up to 25-6 GHz using the 
wideband amplifier. The variation of the levelled signal as a function 
of frequency is shown in figure 4.6. At the lowest drive power a 
continuously levelled signal can be achieved to greater than 20 GHz. At



2 r -

o 
§> 1

Q.
o

2 dB

<
0 dB

■2 dB

5 10
F re q u e n c y , G H z

Figure 4.6. 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 100X modulated optical signal with a mean power of 
4 yW 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 -46 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 is negligable. The residual 
fundamental signal will be given by:

1(a),) = IQ cos(Zb) p3 2J1(&1) (eq. 4)

where £3 is the modulation index of the r.f. distortion at 2<j)1 .

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.
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Figure 4.9. Frequency response of the 25 pm diameter AT&T 
research photodiode

Pleasured 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 {S11) 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 level (-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.
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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 (Vn) 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 
modulators to measure the magnitude and phase responses 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 yW 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.



5. SAMPLING AND CORRELATION METHODS

5.1. INTRODUCTION

A fast oscilloscope can aquire a complete photodiode response using a 
single trigger event. Commercially available instruments have risetimes 
of a few hundred picoseconds57. Ultra-high speed photodiodes have 
risetimes of a few tens of picoseconds (tens of gigahertz) and are 
therefore very much faster than conventional oscilloscopes. An 
alternative approach must be chosen to measure these photodiodes.

in
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Figure 5*1* Principle of the sampling method. One sample is taken per 
pulse. The waveform shape is then determined from the average voltage 
at each delay position.

Sampling and correlation methods offer the potential for measuring the 
response of a photodiode with a resolution of a few picoseconds 
provided that a suitable source of repetitive optical pulses is



available. The principle of the sampling method is shown in 
figure 5*1* The sampling system acts as a temporal vernier, a 
different part of the signal is measured for each trigger event. The 
sampling 'gate* will have a finite temporal response and therefore the 
measured signal will be the cross correlation of the sampling gate and 
the unknown signal responses as shown by:

where m(t) is the measured signal, g(t) is the temporal response of the 
gate and x(t) is the unknown signal.

The result will contain noise and jitter due to variations in the 
amplitude of the unknown and trigger signals. These effects will be 
considered in part 2 of this thesis.

In this chapter the sampling oscilloscope and electrical correlation 
methods will be described and their limitations discussed. Other 
techniques such as Photoconductive sampling and Electro-optic sampling 
are important as they will provide the next generation of instruments 
for waveform metrology. These techniques are treated in depth 
elsewhere58 and will not be covered here. The emphasis of this chapter 
will be on systems that are readily available or can be assembled from 
commercial equipment, rather than one-off research devices.

5.2. SAMPLING OSCILLOSCOPE 

Introduction

The sampling oscilloscope uses an electrical sampling gate, consisting 
of a number of high speed switching diodes, to capture the 
instantaneous voltage a repetitive waveform at one temporal position 
within the signal. These instruments were developed by Tektronix and 
Hewlett Packard in the late 1960s. The first generation of analogue 
sampling oscilloscopes have risetimes in the region of 20 - 25 ps, 
corresponding to a frequency response of 14 - 18 GHz. This type of 
sampling oscilloscope has more recently been superceded by new designs 
but the first generation instruments are still widely used in many 
research and production environments.

m(t) (eq. 1)
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Design of the sampling gate

Two designs of sampling gate are commonly used: the balanced sampling 
bridge and the travelling wave sampling bridge. The circuit for the 
former is shown in figure 5*2. The two reverse biased sampling diodes 
are forced into conduction for a short time by a pair of complementary 
strobe pulses applied to each of the diodes through a capacitor. The 
potential at the input, during the sampling interval, causes a small 
difference between the charges passed by each of the diodes to its 
respective capacitor. This in turn gives rise to a small potential at 
the output of the sampling bridge. The dynamic range of the system can 
be improved by applying feedback which returns the output voltage to a 
common reference. The measured signal can be obtained by integrating 
the feedback current59. Risetimes of 20 ps have been achieved with this 
system by careful design of the microwave network used to shape the 
strobe pulse and by improved sampling diodes60. The overall speed of 
response is strongly dependent on the length of the strobe pulse.

The travelling wave sampling gate structure is shown in figure 5*3* 
As before, a complementary pair of strobe pulses is applied to the 
diodes causing them to conduct. The falling edge of the strobe pulse 
turns off the diode pairs in sequence: first A3 and B3; then A2 and B2 
and finally A1 and Bl. Charge is trapped between the diodes. The 
difference in the charges trapped between the two diode pairs, A2+A3 
and B2+B3, causes a potential difference across the capacitor C. A 
similar feedback arrangement is employed as before to increase the 
dynamic range of the sampler and to recover the signal.
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Figure 5*3* Travelling wave sampling gate

The speed of response if this scheme is not dependent on the duration 
of the strobe pulses but is limited by the turn-off times of the diodes 
and their mechanical spacing61.

The waveforms recorded by these instruments will contain distortions 
due to the coupling of the signal into the charge amplifier when the 
sampling diodes are turned off, and coupling of the strobe pulses into 
the charge amplifier. Various circuits have been designed to reduce the 
effect of these unwanted signals62.
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Figure Layout of the measurement system

Measurements made with a sampling oscilloscope

The recorded waveform from a sampling oscilloscope will be the 
convolution of the exciting pulse, the device under test and the 
oscilloscope. A measurement has been made of a 25 ym diameter research 
photodiode from AT&T using an Optoelectronics PLS10 pulsed laser diode



source. The layout of the measurement system is shown in figure 5*4. 
The photodiode has a frequency response which extends to greater than 
19 GHz. This has been measured by the Heterodyne (chapter 3) and the 
Integrated Optic Modulator (chapter 4) systems. The laser is driven by 
a high current electrical pulse. Under ideal conditions this would give 
rise to a single optical pulse with a duration of a few tens of 
picoseconds63,6 .̂ Unfortunately, the drive pulse is not ideal and the 
laser exhibits multiple pulses. The duration and spacing of the pulses 
depends on the bias voltage. The measured results for this laser and 
photodiode are shown in figure 5*5*
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Figure 5-5* AT&T photodiode and Optoelectronics PLS 10 @1324 nm,
measured with a Tektronix 7S-12 sampling oscilloscope with S-4 sampling 
head and S-53 trigger recogniser

The results show clearly that at these high speeds it is difficult, if 
not impossible, to separate, by inspection, the responses of the laser, 
the photodiode and the sampling oscilloscope by inspection. For this 
reason, numerical deconvolution techniques must often be employed to 
’clean up' the results. These will be discussed in part 2 of this 
thesis.

Timebase calibration

The measured results will contain systematic errors due to the accuracy 
of the timebase calibration. The Tektronix 7S12 sampling oscilloscope



has an analogue timebase with a specified accuracy of ± This figure 
can be improved by calibrating the system with a known high frequency 
signal. The S-53 trigger recogniser can only use signals of up to 
1 GHz. Internally the response drops off above 50 MHz making the unit 
insensitive at higher frequencies65. This problem can be overcome by 
calibrating the system with a high frequency sinewave, derived by 
harmonic generation.

A step recovery diode comb generator will produce power at the 
harmonics of the drive frequency. The output from the comb generator 
can then be attenuated and filtered to remove the unwanted harmonics. 
The system developed at NPL to generate a high purity 10 GHz signal, 
suitable for the timebase calibration, uses a 250 MHz comb generator, 
14 dB of attenuation, two 100 MHz bandpass comb line filters, and a 
narrow-band amplifier. The layout of this system is shown in 
figure 5*6.

250 MHz 
oscillator

sam pling
oscilloscope

S -4 S -5 3
Power
divider

comb
generator1 dB atten

90%

10 GHz 
filter

10 GHz 
amplifier

10 GHz 
filter

14 dB atten

Figure 5*6. Layout of the system used to calibrate 
sampling oscilloscope timebases at NPLI

The attenuator is required to remove the unwanted harmonic power 
reflected from the filters. This power, if not correctly terminated, 
causes instability in the comb generator. Additional frequencies are 
generated within the bandpass of the filters, leading to ambiguous 
results. The power in the comb harmonics drops off with frequency, and 
so the filters have been designed to complement the response of the 
comb generator and give >100 dB supression of all unwanted harmonics. A 
similar system has been designed for operation at 1 GHz to calibrate 
longer timebase settings. That system does not require a narrow-band 
amplifier as the comb power is greater.
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Figure 5*7* 10 GHz sinewave calibration of a 50ps/div timebase. Curves 
are fitted to determine the zero crossing points.

The harmonic generation technique has also been used by Andrews and 
Gans66 for this purpose. In their system the filtering was performed by 
a 3-port cavity wavemeter. That system offers the flexibility of 
choosing the calibration frequency which best suits the timebase. The 
system developed here is rather easier to use but is less flexible.

The measured results obtained using this system to calibrate a 
5 0 ps/div timebase are shown in figure 5*7* The zero crossing points 
were determined by curve fitting. In this case, the calibration factor 
was calculated to be 0.986±0.0l6 with 95# confidence. The accuracy of 
the technique is limited by the determination of the crossing points, 
rather than the frequency accuracy of the sinewave.

Assessment of the sampling oscilloscope performance

A full assessment of the performance of a sampling oscilloscope can 
only be made if a faster measurement system, such as the electro-optic 
sampling technique, is available. Measurements have been made by 
Henderson58 of the response of a Tektronix 7S12 sampling plug-in with 
S-4 sampling head and S-53 trigger-recogniser using a high speed GaAs 
photodiode and a dye laser source producing *2 ps optical pulses. The 
measured results for both the sampling oscilloscope and the 
electro-optic sampler are shown in figure 5*8.

These results have been processed using the Fourier transform 
deconvolution technique developed by Hahman67 to remove the response of 
the photodiode from the result. The electro-optic sampler has been 
assumed to have a Gaussian response of 8 ps FWHM. The deconvolved
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Figure 5-8* Measured responses of a 50 GHz GaAs photodiode using the 
Tektronix sampling oscilloscope and the electro-optic sampler

result is shown in figure 5*9*

2 5 . 1  p s  FWHM

ps

Figure 5*9* Deconvolved response of the Tektronix 
sampling oscilloscope

The sampler response is not smooth with components in excess of 15% of 
the height of the main pulse occurring approximately 1 5 0 ps later. 
These additional components may be the cause of dips in the response at 
certain frequencies. The r.f. power spectrum response of the sampler, 
shown in figure 5-10, can be obtained as a by-product of the
deconvolution process. The response shows dips at 11, 16 and 24
gigahertz.

These results have been confirmed using a frequency domain technique
which allows a partial assessment of the response to be made. The
temporal response of pulse train was measured by the sampling
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oscilloscope and the results transformed to the frequency domain. The 
power in the harmonics of the train of pulses was measured with a 
spectrum analyser (chapter 2) . The two sets of results were then 
compared. The dip in the frequency response at 10-11 GHz was also 
observed by this method.
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Figure 5-10. Power spectrum response of the Tektronix S-4 sampler 
showing dips in the response at 10, 16 and 24 GHz

Discussion

Measurement of a photodiode response may be limited by the speed of the 
sampling oscilloscope and the source. A trigger signal must be provided 
and there is an instrument dependent delay between the trigger and the 
measurement signals. In certain applications this can give rise to 
jitter where there is some uncertainty between the timing of the 
trigger and measurement events. The sampling oscilloscope is the most 
convenient method of making measurements in the 20+ ps regime.

5.3. ELECTRICAL CORRELATION 

Introduction

An ideal r.f. power meter is a true square law detector, giving a 
reading which is proportional to the square of the rms voltage of the 
microwave signal. The power meter can therefore be used to determine 
the autocorrelation function of a high speed photodiode temporal 
response, provided that a suitable source of picosecond optical pulses 
is available. The output from the r.f. power meter will be the 
autocorrelation of the electrical pulse as shown by:
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P(t ) = g(<Vx (t)*> + 2<Vl(t)V2 (t*T)> + <V2 (t+t))s>) (eq. 2)

where K is the sensitivity of the power meter; R is the load impedance; 
and V2 are the voltages in the two pulse trains and t  is the delay.
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Figure 5*H« Layout of an electrical correlation system

The correlation technique has been used by Paulus and J tiger to measure 
picosecond electrical pulses68. The autocorrelation function can be 
transformed to the frequency domain where it is equivalent to the
magnitude of the frequency response.

The layout of an autocorrelation system for photodiode measurements is 
shown in figure The optical delay alters the relative temporal
positions of the two pulse trains. Figure 5*12 parts (a) to (d) show 
the simulated optical and electrical pulse trains, together with the 
power meter output for four delay positions. Part (e) shows the
autocorrelation response as a function of path delay.

Limitations of the correlation method

There are three limitations of this method: the dynamic range, drift 
and the maximum signal. The dynamic range is limited because the signal 
will only vary over about an octave range. The resolution of the power 
meter will therefore limit the accuracy of the results because the 
signal will be low except close to the correlation peak. The power
meter reading may drift due to environmental changes such as
temperature fluctuations.
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The maximum signal which can be obtained from the device under test 
will be limited by one of two mechanisms: the first is power
dissipation and the second is saturation of the photocurrent, causing a 
change in the temporal response shape. Both these effects were 
discussed in chapter 2.

r.f, power detectors

Two distinct types of r.f. power sensors are available: the first uses 
a high speed semiconductor diode and the second is a thermal device. 
The semiconductor diode uses the nonlinear diode characteristic:

i = Is(exp(^) - 1) (eq. 3)

where i is the diode current; V is the voltage across the diode; Is is 
the saturation current, which is constant at a given temperature; k is 
the Boltzmann constant; T is the absolute temperature and n is a 
correction constant to fit the experimental data. The value of n is 
about 1.1 for the diodes used for r.f. power sensing69.

The second and even order terms of equation 3 provide the 
rectification and give an output voltage proportional to the r.f. 
power. These devices are sensitive to very low power levels (-70 dBm) 
but at higher powers (-20 dBm and above) the response becomes sublinear 
due to the higher order terms in the series expansion of the 
exponential. The diode characteristic may give rise to problems when 
this type of device is used to measure the power in a train of short 
electrical pulses because the mean power may be low but the peak power 
will be high.

The second type of power meter is based on a thermal sensor. This may 
either be a thermistor or a thermocouple. Power sensors of this type 
are considerably less sensitive than diode detectors to r.f. power. The 
typical sensitivity range is -30 dBm to +20 dBm for a thermocouple 
based sensor (HP8485A). These detectors are also more sensitive to 
environmental changes such as temperature6̂  . The response of a thermal 
detector, unlike the diode detector, is not affected by the shape of 
the r.f. waveform.

The approximate expected r.f. power can be calculated from a simple 
expression:



PdBm = 10 (log10 ( p  F)*3) (eq. It)

where PdBm is the power in dBm; V is the peak voltage; R is the load 
impedance; W is the pulse width and F is the pulse repetition rate.

The predicted r.f. power is about -30 dBm for electrical pulses of 
180 mV with a width of 20 ps and a repetition rate of 7 6 MHz. It should 
therefore be possible to use thermal detectors to detect the 
autocorrelation signal.

Experimental measurements

A measurement has been made of a GaAs/ITO photodiode to assess the 
electrical correlation technique. A 590 nm modelocked dye laser was 
used as the source. The laser produces optical pulses of 2 ps FWHM, 
determined by optical autocorrelation, at a repitition rate of 7 6 MHz. 
A semiconductor r.f. detector diode (Wiltron 70KC50) was used as the 
detecting element. The photodiode was biased at -3 V through a 
decoupling network. A 6 dB attenuator was positioned between the diode 
and the r.f. detector to reduce the effect of electrical reflections. 
The electrical pulses from the photodiode are negative with a peak 
value of approximately 700 mV.
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Figure 5*13- Measured electrical autocorrelation results for the 
GEC 50 GHz GaAs/ITO photodiode



Two autocorrelation measurements were made and the results are shown in 
figure 5.13* The measured FWHMs of the two measurements are 14.6 ps 
and 1 5 . 6 ps respectively.

These time domain results have been transformed to the frequency domain 
by a Fourier transform. The combined results from the photodiode and 
r.f. detector have a 3 dB frequency of 30 GHz, as shown in 
figure An estimate of the photodiode response, made by
electro-optic sampling58, has been used to correct the results for the 
diode response. The overall response of the system is 40 GHz 3 dB 
frequency, suggesting that this method could be used as a simple 
technique to measure high speed photodiodes.
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Figure 5*1^* Measured combined frequency response of the correlation 
system and GaAs/ITO photodiode

A second experiment was performed using a similar photodiode which 
produced a positive electrical pulse. In this experiment no correlation 
peak could be found. This is believed to be due to the semiconductor 
response, which differs from the true square law detector at high 
signal levels.

The two experiments demonstrate that the electrical correlation
technique can be used to measure high speed photodiodes but
considerable care must be exercised in the choice of the r.f. power



sensor, r.f. detector diodes are not well suited for this application 
if the peak electrical signal is high.

Temporal measurements using a correlation system

Temporal measurements can be made using an electrical correlation 
system, provided that a suitable transfer standard photodiode is 
available. The result will be the response of the unknown device 
relative to the transfer standard reference.

Two sets of measurements must be made: the first is a cross-correlation 
of the two device responses and the second is the autocorrelation 
response of the reference device. These results can be deconvolved 
either by a fourier transform or a matrix technique, transformed to the 
frequency domain and deconvolved. Deconvolution is the inverse of the 
convolution operation. It is an unstable process, requiring some 
filtering to obtain a stable result. Both of these deconvolution 
techniques will be described in the following part of this thesis.

Discussion

The correlation technique offers the potential for measuring high speed 
photodiodes provided that a suitable source of picosecond optical 
pulses is available. The technique is limited by the range of the 
detected signal, which varies by about an octave, and the 
saturation/power dissipation limits of the device being tested. The 
method should be very cheap to implement as the detecting element is 
inexpensive.

5.4. CHAPTER CONCLUSION

Two correlation techniques have been described: the sampling
oscilloscope and an electrical correlation method. The principle of 
operation and the limitations of each technique have been discussed.

The sampling oscilloscope is a convenient commercially available 
instrument. It is the easiest method for making temporal measurements 
in the 20+ ps regime.

The r.f. electrical correlation technique can be performed using an
optical delay and a r.f. power meter. This method has the potential for
measuring high speed photodiodes and is inexpensive to implement. The



temporal response of an unknown device can be obtained if a suitable 
risetime transfer standard photodiode is available.



6. HIGH ACCURACY MEASUREMENTS

6.1. INTRODUCTION

If high accuracy measurements, with uncertainties of less than ±0.5 dB, 
are to be made then the sources of the systematic uncertainty must be
identified and corrections made. Many of the frequency reponse results
shown in previous chapters have exhibited a ripple in the measured 
response. This effect is caused by the reflection of the microwave 
signals between the device being tested and the measurement system. The 
second major source of uncertainty is the calibration of the r.f. 
measurement system. This chapter will concentrate on the former problem 
as a discussion of accurate r.f. power measurement standards is beyond 
the scope of this thesis.

6.2. ELECTRICAL REFLECTIONS - THEORY

At high frequencies neither the measurement system nor the device being 
tested will be a perfect match to the impedance of the connecting line. 
The reflection coefficient p is defined as follows:

t \ V-(u) ,
p M  = vMu) (eq- 1}

where V+ is the amplitude of the travelling voltage wave incident on 
the device; V- is the amplitude of the travelling voltage wave 
reflected from the device and gj is the frequency of the travelling 
wave.

The electrical reflection coefficient or return loss is normally 
measured using a vector network analyser such as a Hewlett Packard 
HP85IO or a Wiltron 36O. These instruments normally provide the results 
in terms of scattering parameters. A good introduction to scattering 
parameters can be found in a number of texts70,71. The reflection 
coefficient of the photodiode {px ) is equivalent to its output 
scattering parameter S22 and the reflection coefficient of the 
measurement system (p2) is equivalent to its input scattering parameter 
Si i •

Consider the simple measurement arrangement shown in figure 6.1. The 
device under test has an electrical reflection coefficient p1 at the
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Figure 6.1. Reflection of electrical signals between the measurement 
system and the device under test

measurement frequency a), and the measurement system will have a 
reflection coefficient p2 at this frequency. The parameters (px and p2) 
are both complex containing the magnitude and the phase of the 
reflected signal. The magnitude of the reflected signal will be less 
than unity (|p|<1).

The measured voltage Vro will be the sum of the true signal Vd and all 
the multiple reflections:

Vm = Vd (1 + pxp2 + (piP2)2 + (PiP2)3 + •••)

This expression can be rewritten in a more compact form: 
V,= U  - PiP2)

(eq. 2)

(eq. 3)

High speed photodiodes typically have a very poor electrical reflection 
coefficient. This is because in most designs, no attempt has been made 
to match the device to the line impedance. The measurement system will 
have* a lower return loss (typically -10 dB or better72). The maximum 
uncertainty limits due to electrical reflection can be calculated from 
the following expressions:



ax = ”20 l O g 1 0 (l ~ |S11S22|) 

Emin = “^0 Ioglo(^ + I i S 22I)

(eq. 4) 

(eq. 5)

Figure 6.2. Uncertainties due to electrical reflections

Figure 6.2. shows the variation of the minimum and maximum 
uncertainties as a function of the combined return loss |S11S22| in dB. 
The results are plotted for a combined return loss in the range -50 dB 
to -20 dB and for a combined return loss of greater than -30 dB. The 
uncertainty in the result for a return loss of -20 dB is greater than 
±0.8 dB. To improve the accuracy of the measurements a correction must 
be made to reduce these uncertainties. Measurements must be made of the 
electrical reflections from both the measurement system and the device



under test. These results can then be used, together with equation 3» 
to calculate the correction factor.

6.3. PHOTODIODE MEASUREMENTS COBBECTED FOB ELECTBICAL BEFLECTIONS

To illustrate the method outlined in the previous section two high 
speed GalnAs photodiodes - supplied on loan by J Schlafev of GTE 
Laboratories, USA - were measured using the rotating polarisation 
heterodyne system described in chapter 3* These diodes have a circular 
active region approximately 20 pm in diameter. The measured responses 
of the photodiodes are shown in figure 6.3a and b for the D230kl0 and 
D230kl2 devices respectively. These results are not corrected for 
electrical reflections and the ripple in the result becomes 
increasingly more apparent at frequencies above 18 GHz.

A Hewlett Packard HP437B r.f. power meter with a HP8485D power sensor 
was used to calibrate the sensitivity of the measurement system. This 
instrument is calibrated at frequencies of up to 26.5 GHz. Above this 
frequency an estimate of the performance was made, based on typical 
figures provided by the manufacturers (26.5 - 34 GHz).

Measurements of the return loss were made for both the photodiodes and 
for the r.f. detector, and bias tee and a correction factor was 
calculated from these results. A bicubic spline73 was fitted to these 
corrected, measured optical results to smooth any remaining ripples. 
The rms error of the fit to the spline curve was 0.26 dB for the 
D230kl0 device and 0.24 dB for the D230kl2 device.

The optically measured results (S21), corrected for the electrical 
reflections and the system sensitivity are plotted in figures 6.4a 
and 6.5a, together with the curve fitted to the results. The 
photodiode return loss (S22) and the return loss of the measurement 
system (S^) have also been plotted in this figure. The correction 
factors are plotted in figures 6.4b and 6.5b on a larger scale. At 
frequencies below about 18 GHz the correction is typically below 
±0.5 dB. The correction factor shown in these curves would be typical 
of the errors that would be encountered in an uncorrected measurement 
system with equivalent return loss performance.

The two photodiodes had 3 dB frequencies of 30.8 ±0.5 GHz for the
D230klO device and 26.9 ±0.5 GHz for the D230kl2 device. The
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Figure 6.3* Measured responses of the GTE D230klO and D230kl2
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uncertainties have been calculated assuming an error of ±0.3 dB in the 
“3 dB level. If no corrections were made the error in the -3 dB level 
could be as great as ±1.1 dB, giving uncertainty limits of ±1.8 GHz. 
All the uncertainties are quoted at the 953* confidence level.

6.4. DISCUSSION AND CHAPTER CONCLUSION

The results show that a considerable improvement in the measurement 
uncertainties can be achieved by applying a correction factor derived 
from return loss measurements of both the device under test and the 
measurement system.

The corrections will not be exact for three reasons: firstly the 
accuracy of the reflection coefficients will depend on the accuracy of 
the measurement standards; secondly the measurements will not, in 
general, be performed under the same enviromental conditions (e.g. 
temperature and humidity) which may affect the results, especially at 
the higher frequencies; and finally the measurement frequencies of the 
optical and electrical measurements will differ slightly. The optical 
beat signal will have a spectral width of several tens of megahertz and 
the centre frequency may not be known exactly. This contrasts with the 
return loss measurement where the source may be a synthesizer.

The residual uncertainties due to these sources of error have not been 
quantified at this time and further work will be required to do this. 
The considerable improvement in the quality of the corrected results, 
compared with the original measurements, justifies the use of the more 
complicated procedure.

In the example chosen, the peak in the measured optical response occurs 
very close, in frequency, to the dip in the return loss for the two 
diodes. The dip is believed to be due to a resonance formed by the 
photodiode junction capacitance and the mounting inductance. It may 
therefore be possible to use both the return loss results and the 
optical measurements to fit values to a model of the device. This would 
allow a good estimate to be made for the absolute phase response of the 
device. Further work will be required to verify this theory and to 
determine the uncertainty limits that can be achieved.



7. DISCUSSION, COMPARISON OF TECHNIQUES AND CONCLUSION FOR PART 1

7.1. INTRODUCTION

In this chapter comparisons between the different techniques will be 
presented and the planned future research work to improve this 
important area of metrology will be outlined. In the previous chapters 
of this part of the thesis a number of different measurement techniques 
and methods to enhance the accuracy of the results have been described. 
Three novel methods for measuring photodiode frequency responses have 
been presented and a heterodyne system which returns both the magnitude 
and the phase responses of an unknown photodiode has been described.

7.2. COMPARISON OF MEASUREMENT TECHNIQUES

The comparison of measurement techniques is important as it gives 
confidence in results obtained with different systems. A comparison of 
different techniques also helps to identify systematic errors and 
weaknesses which might otherwise remain undetected.

A number of authors have compared different measurement methods: 
Kawanishi et al10 has compared the heterodyne and comb harmonic methods 
and Eichen et alkf>,hl have compared the FM sideband and the comb 
harmonic techniques.

In chapter 3 of this thesis a number of different heterodyne systems 
were compared using the AT&T and Plessey #20 photodiodes. The results 
indicated that a system using continuously tunable lasers was 
preferable to a system with external cavity lasers. The results also 
showed that systems based of DFB lasers and using a spectrum analyser 
as the r.f. detector were prone to serious systematic errors.

A comparison of the magnitude and phase responses of the Plessey #20 
photodiode, measured by the vector heterodyne system and by 
deconvolution of pulsed laser diode measurements, was also presented in 
chapter 3* The agreement between the two techniques was reasonable. 
This is believed to be the first report of such a comparison.



7.3. COMPARISON OF THE INTEGRATED OPTIC MODULATOR (1.3 ym),
FM SIDEBAND (1.3 ym) AND ROTATING POLARISATION 
HETERODYNE (1.53 ym) SYSTEMS

An informal intercomparison was performed with GTE Laboratories Inc., 
USA, to measure the performance of three GalnAs photodiodes. The 
measurements were performed using the FM sideband technique (1.3 pm) at 
GTE and by the Integrated Optic Modulator system (1.3 pm) and rotating 
polarisation DFB heterodyne system (1.53 P m ) at NPL. These two systems 
are described in chapters 3 and 4 respectively and a brief account of 
the GTE system is given in chapter 3* The results measured using the 
heterodyne system were corrected for errors caused by electrical 
reflections (chapter 6). This considerably improved the smoothness of 
the results. The measurements made with the modulator system could not
be corrected in this manner because the r.f. power was detected using a
spectrum analyser. The electrical reflection coefficient of such an 
instrument can only be correctly measured if the network analyser and 
the spectrum analyser are tuned to the same frequency.
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Figure 7 • 1 • GTE D230k4 photodiode at 3 V bias, measured by the 
Integrated Optic Modulator (1.3 pm), FM sideband (1.3 Pm) and Rotating 
Polarisation Heterodyne (1.53 pm) systems

The results obtained with the diodes, designated D230k4, D230kl0 and



D230kl2, are shown in figures 1.1 ~ 3* The frequency response of the 
D230k4 diode, measured with the heterodyne system extends to more than 
40 GHz.
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Figure 1.2. GTE D230kl0 photodiode at 4 V bias, measured by the 
Integrated Optic Modulator (1.3 p m ) ,  FM sideband (1.3 P m ) and Rotating 
Polarisation Heterodyne (1.53 pm) systems

The general agreement between the sets of results is very good but two 
points can be noted: firstly, the scatter on the results not corrected 
for electrical reflections is significantly greater than the scatter of 
the corrected results; and secondly, at high frequencies the results 
measured with the FM sideband technique are in general lower than those 
measured by the modulator system. This may be a systematic effect and 
should be investigated further.

In conclusion the comparison of the results shows that the methods 
agree to a good accuracy, with differences of less than ±1 dB 
typically, but the results also show the importance of correcting for 
electrical reflection errors.
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Integrated Optic Modulator (1.3 pm). FM sideband (1.3 pm) and Rotating 
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7.4. FURTHER WORK

Further work will be required to improve the measurement systems 
described in this thesis. The details of the work required to improve 
each of these systems is given in the corresponding chapter conclusion. 
At a more fundamental level, the ultimate accuracy of the frequency 
domain systems is dependent on the accuracy of the r.f. power 
calibration. This is an area of metrology that will require attention 
if the absolute accuracy of measurements is to be reduced below 
±0.5 dB. The power standards used at present are traceable to American 
national standards. It is intended that traceability to UK national 
standards should be obtained shortly so that the systems can be offered 
as a measurement service.

Measurement comparisons between different systems are important as they 
can be used to identify systematic errors in the measurement systems. 
The comparisons also give confidence in the different measurement 
techniques. Following the successful intercomparison with GTE inc, USA, 
a further international round-robin of photodiode frequency response



measurements has been organised. Eight participants in three countries 
will measure the frequency response of two GalnAs photodiodes. The 
measurements will be made at either 1.3 or 1.5 um, depending on the 
systems available at each establishment. The measurements are expected 
to take approximately eight months.
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PART 2

NUMERICAL TECHNIQUES TO IMPROVE THE ACCURACY 
OF PICOSECOND ELECTRICAL MEASUREMENTS



1. INTRODUCTION

The introduction of computer controlled instrumentation over the past 
fifteen years has considerably improved measurement science. In the 
area of picosecond electrical metrology, the ability to capture a 
waveform and store it on a computer has allowed the use of numerical
techniques to improve the accuracy of the result. The work carried out
by the waveform metrology group at the National Institute of Standards 
& Technology (NIST), formerly the National Bureau of Standards (NBS), 
has had a considerable impact in this area. In this part of the thesis 
numerical techniques to improve accuracy and interpretability of 
photodiode measurements are presented.

Photodiode measurements made using different pulsed laser diode sources 
may be difficult to compare because the laser pulse shapes vary. The
measured waveform will be the convolution of the instrument, laser and
detector responses. Deconvolution is a technique which separates the 
response of the device being tested form the response of the 
instrument. In chapter 2 deconvolution techniques are used to 
transform the laser pulse shape and instrumental response to a near 
Gaussian, so that the results can be readily compared. The method has 
been extended to allow the simultaneous deconvolution of multiple sets 
of data.

In chapter 3 a novel measurement strategy has been used to determine 
the uncertainty between the trigger and measured signal. This 
uncertainty, known as jitter, distorts the measured waveform in a 
manner that cannot be removed by averaging. The distortion of the 
waveform by the noise and jitter has been assessed using synthetic 
data. This analysis serves two purposes: firstly to show the effect of 
the noise and jitter in a qualitative manner, and secondly to provide a 
known reference so that algorithms to remove the jitter can be 
assessed. An algorithm which corrects the distortions introduced by the 
jitter is presented. This technique has been used to remove the effects 
of jitter from both synthetic and measured data sets.



2. DECONVOLUTION OF SIGNALS IN THE PRESENCE OF NOISE

2.1. INTRODUCTION

A measurement system may contain elements that are not ideal and tend 
to mask the response of the device being tested. These effects cannot 
be completely eliminated but can be reduced by the use of signal 
processing techniques. The measured parameter will be a convolution of 
the true function with the instrument response as shown in equation 1:

z(t) = x(t - t)y(t) dT (eq. 1)

where z(t) is the measured response; y(t) is the instrument function 
and x(t) is the true response.

This may be written in a more convenient shorthand notation (eq. 2):

z = x*y (eq. 2)

where * denotes the convolution operation.

We are presented therefore with an integral equation problem. We wish 
to determine the response of the unknown device from the measured 
response z(t) and the instrument response y(t). The instrument response 
y(t) is known either from other measurements or from modelling.

Inverse convolution or deconvolution problems occur in a number of 
areas of physics and engineering. In this work the aim is to use 
deconvolution techniques to improve the measurement of photodiode 
temporal responses on a picosecond timescale. The resultant waveform 
will be more amenable to interpretation allowing comparisons with 
results obtained using different measurement systems to be performed.

The convolution operation has a tendancy to smooth the measured 
response making the solution of equation 1 difficult. The estimate for 
the instrument response may also contain systematic errors which will 
further complicate the problem.



The deconvolution problem can be restated as the convolution of z with 
the inverse of y as defined in equations 3 and 4:

6 = y*w (eq. 3)

x (eq. 4)

where 6 is the Dirac impulse function and w is the inverse of the 
instrument response y.

Methods for directly generating the inverse filter function w have been 
proposed by Bvacewell1 and S M Bozic2. The solution for the true 
response x(t) may be unique; but the problem so presented would be 
ill-posed. Small perturbations of the measured or instrument responses 
will give rise to large changes in the solution. Direct deconvolution 
methods are therefore not a practical solution. This has been 
demonstrated by N S Nahman3.

The inverse of the instrument function may not be mathematically 
possible, however the ill-posed problem can be converted to a 
well-posed problem with a well behaved solution by the use of an 
appropriate regularisation filter. The concept of regularisation of 
ill-posed problems and the mathematical considerations for dealing with 
inverse problems have been discussed in the literaturê * 5 6 7 .

In signal processing terms the ill-posed inverse w is replaced by a 
stable filtering function v defined in equation 5»

where v is the well behaved filtering function and r is the 
regularising filter which is a good approximation to a Dirac function.

A good estimate of the true response x will be obtained by convolving 
the measured result with the filter function (equation 6).

r = y*v (eq. 5)

x (eq. 6)

where x is the estimate for the true response x.



2.2. DECONVOLUTION TECHNIQUES

A number of techniques have been used to perform the deconvolution 
process. The principle of operation of the main methods will be 
described here.

Gaussian approximation

The Gaussian approximation is used generally in electronics and 
optoelectronics. It assumes that the pulse responses are Gaussian in 
shape and therefore the full width at half maximum (FWHM) of the 
unknown pulse can be calculated from the full widths at half maximum of 
the measures and system responses as shown in equation 7:

FWHMX = /(FWHM2 - FWHM?) (eq. 7)

where FWHMX, FWHMy and FWHMZ are the full widths at half maximum of the 
unknown, system and measured responses respectively.

This method is not a true deconvolution and is subject to serious 
errors8, because the pulse responses will deviate from the Gaussian 
shape. This can be illustrated with a simple example: a measurement 
system with a constant frequency response from dc to 10 GHz and no 
response at higher frequencies is used to measure a similar band 
limited signal with a maximum frequency of 8 GHz. The frequency and 
time domain responses of the two signals are illustrated in 
figure 2.1.

The FWHMs of the system and measured responses are 60.3 ps and 75*4 ps 
respectively. The FWHM of the unknown response, calculated using 
equation 7* will be 45*3 ps. The true FWHM of the unknown signal is 
75• 4 ps, in agreement with the measured response. This is a 
particularly extreme example of the errors that can occur when the 
Gaussian approximation is used.

Trial convolution method

The trial convolution optimisation method9, developed at NPL, uses a 
least squares optimisation technique to determine the best estimate for 
the unknown response. The shape of the unknown response can be 
described in terms of a physical model. The modelled function can be 
convolved with the measured instrument response and the result compared 
with the measured data. The model parameters are optimised to minimise
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Figure 2.1. Example of errors introduced by Gaussian approximation

the error between the two curves. Because this is an integral method 
the noise in the result is reduced. In principle this allows 
measurements to be made of shorter pulses closer to the resolution 
limit of the system. The uncertainty of the result will depend on the 
closeness of the approximating function to the true shape. If the 
starting position is chosen incorrectly the method may find a local 
minimum rather than the global minimum of the error function.

A GaAlAs laser diode at 850 nm was measured using a Plessey GalnAs 
photodiode (CXL082) mounted in a fast photodiode holder developed at 
NPL (this author, unpublished work). The photodiode and sampling 
oscilloscope response had previously been measured using a dye laser



Figure 2.2. Response of photodiode at 830 nm (dye laser)

system at 830 nm giving pulses of <10 ps FWHM. For the purposes of this 
experiment it was assumed that the temporal response of the photodiode 
is the same at both wavelengths. The response measured with the dye 
laser is shown in figure 2.2 and has a FWHM of 6 5 ps.
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Figure 2.3. Response of photodiode at 8 5 0 nm (diode laser) 
showing fitted response and error

The measured response of the laser diode and detector gave a FWHM of 
92 ps. The pulses from the semiconductor laser were assumed to be 
Gaussian and of approximately 66 ps duration, calculated using the



Gaussian approximation. This was used as a starting point for the 
optimising program. The best fit Gaussian pulse gave a minimum error 
for a FWHM of 67 ps. The measured response is shown in figure 2.3 
together with the error between the measured and fitted responses.

The error between the measured and fitted responses shows a systematic 
and non-random deviation suggesting that either the temporal response 
of the photodiode is different at the two wavelengths, or that the 
laser pulse shape differs from the Gaussian approximation. This method 
is extremely powerful where a good model can be chosen.

Matrix methods

The convolution problem can be stated in a matrix formulation as shown 
in equation 8:

z = Ax (eq. 8)

where A is a convolution matrix formed from the instrument function y.

An exact inverse for the matrix A may not be possible, but a solution 
may be chosen that minimises the square of the residuals. The least 
squares solution will be given by equation 9:

x = [ATA]-1Az (eq. 9)

As the dimensions of the matrix A increase, the problem becomes 
increasingly ill-posed. The problem has been treated by Sarkar et ath 
who altered the problem from the minimisation of ||Ax - z ||2 by adding a 
constraint ||Lx||2 where L is a suitably chosen linear operator. The 
function to be minimised is now given by equation 10:

min {|Ax - z||2 + y2||Lx|2} (eq. 10)
x

where p is a constant chosen to control the degree of regularisation of 
the solution

The solution to this problem will be given by equation 11:

x = [ATA + y2LTL]-1ATz (eq. 11)

The type of constraint is dependent on the choice of linear operator L.



If L is the identity matrix then this approach will yield a solution x 
that has a specified value for ||x|2. If a derivative operator is used 
then the result will have a specified degree of smoothness. This 
approach is known as the Tykhonov regularisation scheme10, 11 .

The major disadvantage of the method is that a large system of 
equations must be solved. This is very intensive of computer storage 
(« n2) and computer time (<* n3). The inversion of the matrix in 
equation 11 will give rise to serious cumulative errors in the result. 
A better approach is to solve equation 12 by Gaussian elimination:

(ATA + p2LTL)x = ATz (eq. 12)

The form of the regularising filter r required to give a stable result 
can be found by substituting the instrument response function y into 
equation 12 in place of the measured response as shown in equation 13.

(ATA + p2LTL)r = ATy (eq. 13)

The matrix method presented requires the solution of a large system of 
linear simultaneous equations. This technique will not be considered 
further here.

’Relaxation method

The matrix method described in the previous section is extremely 
storage intensive. An iterative method was originally proposed by 
van Cittert12 in 1931 to correct for instrumental distortion. The
method has been described by P A Jansson13 and A F Jones1* . The process 
is iterative and the solution waveform is improved at each cycle. To 
achieve increased speed over relaxation is used. The method has been
widely used in spectroscopy15, antenna problems16, and for the
deconvolution of time domain signals3. This method will not be 
considered further here.

Ivansformat ion methods

Transforms can be found that will convert the convolution integral into 
a more convenient operation such as a multiplication or an addition. 
The result can then be filtered in the transform domain. The
deconvolved result will be obtained by performing the inverse transform



on the filtered signal.

Homomorphic transform systems have been used for the deconvolution of 
seismic data17 and for high speed time domain measurements18. The 
transform used to perform the deconvolution operations consisted of 
three parts as shown in figure 2.4.

Measured
results

Deconvolved
result

H6momorphlc transform

Discrete
Fourier

Transform

Complex
Logarithm

Discrete
Fourier

Transform

Linear
filter

Inverse
Discrete
Fourier

Transform
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Exponential

Inverse
Discrete
Fourier

Transform

Inverse Homomorphic transform 

Figure 2.4. Homomorphic transform method.

The interpretation of the complex transform domain (cepstrum) waveform 
is not clear, but the operation of the transform is straightforward. 
The convolution operation is converted to an addition in the transform 
domain. The technique has been used with linear filters and is 
successful, provided that the correct filter can be found. This method 
will not be considered further here.

Some integral transforms, notably Fourier and Laplace, have the 
important property that a convolution in the untransformed domain 
becomes a multiplication in the transform domain and vice versa. This 
is shown by equations 14 and 15 for a Fourier transform system:

F(x(t)*y(t)) = X( ju>) Y( jo)) (eq. 14)



F(x(t)y(t)) = X(jw)*Y(j«) (eq. 15)

where F(x(t)) = J"x(fc) dt

The deconvolution operation will therefore be the division of the two 
signals. A suitable filter will have to be used to ensure the stability 
of the result.

The measured responses will be discrete and time limited. Therefore the 
Z transform and discrete fourier transform (DFT), which are the 
analogues of the Laplace and Fourier transforms, can be used. The Fast 
Fourier Transform19 (FFT) exploits the symetry properties of the DFT, 
where the number of points is a power of two. The number of complex 
multiplications are reduced from 22n for the DFT to n2n+1, considerably 
improving the processing speed for the transform and inverse transform 
operations. Deconvolution methods based on the fourier transform have 
been used for picosecond time domain measurements by Nahmarfi using a 
nonlinear regularisation filter to obtain a stable result. This method 
will be outlined in the next section.

2.3. NBS DECONVOLUTION METHOD

The deconvolution method developed by Nahman and Gutllame at the 
National Bureau of Standards (NBS) will be described briefly here. The 
algorithm was developed to improve the accuracy of picosecond time 
domain measurements and forms the basis of the deconvolution method 
developed for photodiode measurements.

Theory of the NBS algorithm

The filter required to minimise the effects of noise should be chosen 
to give the most accurate results. The errors introduced by the filter 
should therefore be minimised. The filter has been chosen to maximise 
the smoothness of the signal and to minimise the errors introduced into 
the measured results.

As a shorthand notation the time domain and frequency domain signals 
will be represented implicitly by the lower case and upper case symbols 
only i.e. x(t) * x and X(joj) = X.

The errors introduced into the original measurement by the filter can 
be determined by deconvolving the two signals and then reconvolving the



result with the measured system response. The error E can then be 
described as follows (equation 16):

E = E |Zj|2|1 - Rj|2 (eq. 16)i = 1

where E is the error term; Z is the measured signal; and R is the 
filter.

The smoothness of the signal has been interpreted as the power
contained in the second derivative of the deconvolved result. The

82signals are measured at discrete time points. The operator can be 
approximated by a central difference operator (6).

Where 6(fj) = f^j - 2fi + f1 + 1, and i is the point of interest.

In the frequency domain the second difference operator becomes (17):

C = 2(cos ^  - 1) (eq. 17)

where i is the harmonic number; and n is the number of points in the
transform. The smoothness parameter S is given by equation 18:

S = E | Cj Xi|2 (eq. 18)
i = 1

where X is the deconvolved signal with noise.

The filter was chosen to minimise the error E and maximise the 
smoothness of the result. An operator controlled parameter y was chosen 
to control the degree of smoothing. The total error power P, which was 
minimised, is given in equation 19:

P = E + yS (eq. 19)

The resultant optimal filter has the form (equation 20):

IY2 IR =  ULJ  (eq. 20)
(IY|2 ♦ y |C|*)

The deconvolution now takes the form shown in equation 21:



where Y* is the complex conjugate of Y; and 7 is a multiplicative 
constant chosen by the operator to control the amount of smoothing. 7  

must be greater than zero.

The magnification of the noise by the deconvolution process has been 
limited by the filter function.

Evaluation of the NBS deconvolution method

To test the effectiveness of the NBS deconvolution method the impulse 
response of a 20 GHz distributed amplifier was measured using a 
sampling oscilloscope with a nominal 1*4 GHz bandwidth. The results were 
deconvolved to remove the sampling scope response and compared with 
measurements made using a HP8 5 IO vector network analyser at up to 
26.5 GHz. The magnitude response of the amplifier, measured using the 
vector network analyser, is shown in figure 2 .5 .

Figure 2 .5 . Magnitude response of the distributed amplifier 
used to test the deconvolution method

The deconvolution method is only suitable for use with impulse
responses and so a differentiating capacitor was used with a Tektronix 
S-52 step generator to form an impulse of 29 ps FWHM. The resultant 
pulse, shown in figure 2 .6 (a), contains ringing and secondary pulses 
which will mask the true response of the amplifier. The measured
amplifier response is shown in figure 2 .6 (b).

After deconvolution the measured impulse response is shown in
figure 2 . 7 together with the time domain response derived from the
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Figure 2.6. (a) Impulse formed by differentiating capacitor and S-52 
pulse generator and (b) Measured amplifier response.

vector network analyser measurements. The two responses show only small 
differences in the ringing. The deconvolution method can therefore be 
successfully used to extract signals from beyond the normal usable 
range of the sampling oscilloscope.

The results presented here show that the deconvolution method works 
well. There are however two drawbacks with this method: firstly the
parameter y, which controls the level of smoothing, operates in the 
frequency domain so the result of the deconvolution will depend on the
skill of the user; secondly the filter function R will vary from
measurement to measurement, and is not amenable to simple
interpretation.

2.4. SIGNIFICANCE OF THE FILTER FUNCTION

The deconvolved result X consists of the true pulse shape X* with a
noise function N added and convolved with the filter function R as

It is not possible to obtain the impulse response X* because the 
problem is ill-posed. The best estimate for the unknown response X' can 
be found by giving both the deconvolved result and the filter function. 
It is important that the filter function R can be interpreted because

x
shown in equation 2 2 .

X =R(X* + N ) x (eq. 2 2 )
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Figure 2.7. Deconvolved amplifier response (a) and response measured 
using vector network analyser (b)

the deconvolved result is the convolution of the true response and the 
filter. The filter function, at the optimum value for 7 , is shown in 
both the frequency domain (figure 2 .8 ) and in the time domain 
(figure 2.9). In the frequency domain the cutoff is quite sharp, 
allowing results to be interpreted at up to the cutoff frequency.

In the time domain the sharp frequency cutoff gives rise to a sinc(x) 
like response. The resultant filter function will also vary for 
different choices of 7 making a comparison of deconvolved results 
difficult.

A modified deconvolution method, which allows interpretation and 
comparison of results, is therefore required for use with transfer 
standard photodiodes. A suitable regularisation scheme is developed in 
this work.
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Figure 2.9. Response of the filter in the time domain 

2.5. SMOOTHING FUNCTION

02In the NBS method the smoothing function C, corresponding to ^ 2 in the
time domain, was approximated by a simple function derived from the
second difference operator. In a continuous fourier transform the 0
operation ~r- in the time domain corresponds to a multiplication by jo)

132 1in the frequency domain. Therefore 13 ^ 2 I 2 w°uld correspond to 00̂  . For 
the discrete Fourier transform this would be equivalent to • The
simple expansion used by NBS will contain components due to higher 
derivatives. These can be eliminated by introducing further second 
difference operators for i ± 2, i ± 3 ••• This gives rise to a
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smoothing function of the form shown in equation 23:

Ci = E a, ( c o s ^  - 1) (eq. 23)
j  = i  n

where a- is the coefficient for each second difference operator; m is 
the number of terms; i is the harmonic number; and n is the number of 
harmonics.

ts

128 2 5 6
H a r m o n i c  n u m b e r

3 8 4

Figure 2.10. Variation of smoothing operator for different values of m

The higher order derivatives will be cancelled up to the 2m + 2th. 
Figure 2.10 shows the variation of |c|2 for various values of m and 
gives a comparison with the (̂ p1)̂  approximation. The approximation is 
good and only introduces errors close to the Nyquist frequency. For 
this reason the simple approximation has been adopted for the smoothing 
function. In preference to the second difference operator used in the 
NBS method.

2.6. DECONVOLUTION METHOD FOB USE WITH 
TRANSFER STANDARD PHOTODIODES

A deconvolution method is required for use with transfer standard 
photodiodes for pulse response measurements. The method should be 
unambiguous in its use and not depend on the skill of the operator. The 
regularisation filter function. which acts as the equivalent 
excitation, should be a suitable known function or a good approximation 
to a known function, so that comparisons can be made between different 
sets of measurements. The filter function derived for the deconvolution



method in section 2.3 has a response similar to sinc(x) and would 
therefore be unsuitable for use as the equivalent excitation for 
photodiode measurements, because it would infer negative light levels 
which are physically unrealistic.

Deconvolution method

A Gaussian is generally used in optoelectronic measurements to model 
pulse shapes and is easily interpreted. It would be suitable for use as 
a regularisation filter. However, if the Gaussian filter were used on 
its own, either insufficient smoothing would be obtained for a suitable 
width of pulse, or too wide a Gaussian pulse would have to be used to 
allow easy interpretation of the results. To overcome this problem an 
deconvolution approach similar to the NBS method, discussed in 
section §2.3, has been adopted.

The regularisation filter consists of two parts: a Gaussian pulse G 
defined by the user and a second filter R’ to stabilise the result. The 
composite filter R is given by equation 24:

The regularisation filter R will be a good approximation to the 
Gaussian filter, allowing measurements performed using different 
systems to be compared. The differences between the Gaussian and the 
combined filter R give rise to an error term defined in equation 25.

where Eg is the total error power introduced by the stabilising filter 
into the Gaussian.

The stabilising filter R' will give rise to errors in the measured 
response. The an error term defined in equation 26:

R = R'G (eq. 24)

e8 = I |Gj(i - r ;)I2
i = 1

(eq. 25)

Es = S |Z±(1 - R»)|* (eq. 26)i = 1

where Es is the total error power introduced by the stabilising filter 
into the measured signal.



The stabilising filter should be chosen to minimise the errors 
introduced into the result and maximise the smoothness of the result. 
The filter must also be linked to the Gaussian error term so that only 
a single parameter is required.

The response of the photodiode used as the reference must be included 
otherwise errors will be introduced in the result. The deconvolved 
result, including the response of the reference device, will be given 
by equation 27:

Z YrG Rf
X =  u  (eq. 27)

where Yr is the response of the reference device.

Optimal stabilisation filter

The errors introduced in the original data - the error in the Gaussian 
and the smoothness of the result - are considered to be of equal 
importance. The three terms are combined with equal weight to give a 
single error term , defined in equation 28:

P, = oEs ♦ £Eg ♦ 7S (eq. 28)

The weighting parameters a,|J and y are defined in equations 29, 30 and
31.

1
a = n (eq. 29)

Ei = 1s Izj*

l
& = „ (eq. 30)

e |a, |*i = 1

y - n , <e<3- 31)
e |xj2i = 1

The filter R' can be found by differentiating the error term Pj with 
respect to each frequency component of the filter response, and setting 
the result equal to zero. The optimal filter R' is given in 
equation 32:

|Y|* (q|z|»+&|G|»)
IY| 2 (a| Z| 2+p|G| 2) + -y|C G Z Yr | 2

(eq. 32)



The parameter 7 must be found iteratively and a Newton method has been 
used successfully.

This deconvolution method has the advantage that it is no longer 
dependent on the skill of the operator. Also the near Gaussian filter, 
which is equivalent to the excitation, allows results to be easily 
compared. If too narrow a Gaussian filter is chosen then the errors 
introduced in the Gaussian (Eg) may dominate the deconvolution process.

2.7. ASSESSMENT OF THE GAUSSIAN DECONVOLUTION METHOD

The performance of the deconvolution method described in the previous 
section has been assessed using measurements of the temporal responses 
of two photodiodes using three pulsed semiconductor lasers.

The first of the photodiodes is a GalnAs research photodiode, 
designated #20, from Plessey. This device has a *45 ym diameter active 
area and has a 3 dB frequency of roughly 1*4 GHz. The diode has been 
mounted in a specially modified NPL designed (this author, unpublished 
work) low inductance photodiode holder.

in

in
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in

Figure 2.11. Theoretically modelled response of the AT&T diode

The second photodiode is a 25 ym diameter device provided by AT&T Bell 
laboratories20, which is mounted in a modified Hewlett-Packard HP33330C 
detector diode package. Measurements have been made of this diode's 
performance and are described in part 1 of this thesis. The 3 dB 
frequency is about 19 GHz. A simple model of the response, believed to 
be accurate to 21 GHz, has been used to correct for the magnitude and



and phase response of the AT&T diode. Figure 2.11 shows the 
theoretically modelled response of this device.

The sources used for the experiment were two Optoelectronics Ltd PLS10 
lasers operating at 1324 nm and 1323 nm, and a Lasertron QLPX laser 
operating at 1270 nm. The lasers are driven by a short high current 
pulse of sub-nanosecond duration. A theoretical analysis of the 
response of a semiconductor laser to a short electrical pulse21,22 has 
shown that for an ideal drive pulse the laser can be made to produce a 
single optical pulse of < 100 ps duration. However if the electrical 
pulse is too long multiple optical pulsing occurs. The PLS10 laser 
exhibits this phenomenon. The spacing and shape of the pulses depends 
on the bias voltage.
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Figure 2.12. System to measure photodiode responses for deconvolution

The layout of the measurement system is shown in figure 2.12. A X5 
(14 dB) attenuator was included to remove the effects of any electrical 
reflections from the measurement system. A measurement was made with 
the optical path blocked and this was subtracted from the measured 
results to remove the effects of trigger breakthrough. Each data set 
consisted of 1024 data points. An average of 100 measurements was taken 
at each point to reduce the effects of noise.

The results measured with the three lasers are shown figures 2.13 
a - f . Multiple pulsing is clearly visible in two of the measurements. 
The results obtained with the Plessey photodiode show some ringing but 
the extent of this is not clear because the effect is masked by the 
laser response.

The results have been deconvolved using a Gaussian parameter of 25 ps
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FWHM. The areas of the deconvolved results have been normalised for 
ease of comparison. The time relation between each of the deconvolved 
pulses is not known and so the position of the peaks have been aligned 
by introducing a delay into each of the results. The deconvolved 
results obtained are shown in figure 2.14 (a - c) together with their 
respective filter functions (d - f). The deconvolution method gives 
similar results with filter functions that are close to the original 
Gaussian.

2.8. DECONVOLUTION OF MULTIPLE DATA SETS

The deconvolution methods discussed so far have used a single set of 
measurement results per deconvolution. If a number of measurements are 
made using different exciting sources then an improvement in the 
accuracy of the result can be obtained by performing the deconvolution 
on all of the measured results together, rather than performing the 
deconvolutions separately and then averaging the results.

The magnitude of the power spectra of the three laser diodes used in 
the previous section are shown in figure 2.15 together with the mean 
response. Each of the lasers exhibits minima, due to multiple pulsing, 
but these occur at different frequencies.

The common dip in the power spectra at 10 - 11 GHz is believed to be a 
systematic error caused by the sampling oscilloscope. The mean response 
is considerably smoother, reducing the requirements for the 
regularisation filter to give a stable deconvolved result.

If a number of measurements are made each will have an associated 
arbitrary signal level and delay relative to a reference point. It is 
therefore necessary to normalise the signals and correct for the 
different delays so that all of the measurement sets are made with 
respect to a common reference.

Delay correction

To compensate for the arbitrary delays in the measurements, each of the 
data sets is separately deconvolved and one of these results is chosen 
as a reference. Initially the corrections for each of the data sets 
were determined by performing a cross-correlation between the 
deconvolved result and the reference. The position of the 
cross-correlation peak gave the delay correction required. This method
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Figure 2.15. Power spectra measured using three pulsed 
laser diode sources

is rather slow because of the need to transform the results back into 
the time domain. An alternative approach, based on an adaptive 
time-drift compensation technique23 (Appendix 1), has now been 
adopted.

Least squares deconvolution

The simplest approach to the deconvolution is to seek a solution that 
will minimise the errors introduced into the result. A least squares 
analysis, minimising the error Ex defined in equation 3 3 . gives rise to 
a simple expression for the deconvolved signal (equation 3^)-

where Ex is the error to be minimised; and 8 is a delay correction 
parameter to ensure that the measurements are made with respect to a 
common reference.

(eq. 3 3 )

m

(eq. 3*0m

where X is the least squares solution.



This solution would be perfectly acceptable provided that the errors 
were random. However, the power spectra shown in figure 2.15 show that 
systematic errors are present. Stabilising constraints may therefore be 
required as the problem is ill-posed.

If the least squares analysis is extended to minimise the errors and 
maximise the smoothness of the result the deconvolved signal will be 
given by equation 35 and the filter response will be given by 
equation 36.

X4 = -- 1---------------  (eq. 35)
( I Y^Ylj) ♦ 7 |C|2
J = 1

where 7 is a parameter, selected by the operator, to control the degree 
of smoothing.

w YijYIjRi = ------------------ (eq. 36)
( I YjjYjj) * Y|C|2 
J-l

The deconvolved result and filter are very similar to those obtained by 
the NBS method for a single result (see section §2.3)•

To simplify the analysis it is necessary to redefine the deconvolution 
(equation 33) in terms of a weighted mean measured response Z and a 
weighted mean system response Y, as shown in equation 37J 

ZiXi = —  (eq. 37)
Yi

where

YtY* = S Y . j Y ( e q .  38) 
j = i

An analysis to find the optimal filter that minimises the errors 
introduced into the weighted mean data, and maximises the smoothness of 
the result (see section §2.3) yields identical results to 
equations 35 and 36. The Gaussian deconvolution method, described in 
section §2.6, can be extended for use with multiple measurement sets



in a similar manner. The measured responses Z and Y are replaced by the 
weighted mean responses Z and Y and the analysis proceeds as before.

Estimation of Errors

The errors due to variation of the laser sources are estimated in a 
similar manner to the calculation of the standard error of the mean. 
The standard error of the mean is normally given by equation 39'

E (Xj - x)2
SEM»2 ■ J*m(m - 1) (eq- 39)

However, this can be rewritten in a more convenient form (equation 40).

SEMi = " ' 1 E (x, - x)2 (eq. 40)
m J = i

where

* j  = m 1 i ( (  2 xk) -  x j )  ( e(l -  4 l )J m " 1 k=i J

To estimate the errors in the result, the weighted average deconvolved 
result Xj are calculated for each of the measurements. These results 
are then transformed back into the time domain, and the standard error 
of the mean is calculated at each time point using equations 40 and 4l. 
If the results were required in the frequency domain then a similar 
procedure, without the fourier transform step, could be adopted.

Assessment of the deconvolution method

A total of fifty measurements were made using the AT&T photodiode and 
the 40 ym diameter Plessey research photodiode #20 using a number of 
pulsed semiconductor lasers at a nominal wavelength of 1.3 ym. From 
previous measurements it is apparent that the photodiode has a faster 
response than the sampling oscilloscope. A summary of the measurement 
results is given in table 2.1. All measurements were made on a 
timescale 200 ps per division.

The deconvolved results are shown in figure 2.16(a) for the multiple 
deconvolution method giving the mean value and showing the 95# 
confidence limit. The Gaussian part of the regularisation filter was 
chosen to be 20 ps FWHM, corresponding to a 3 dB frequency of 15 GHz. 
The regularisation filter is shown in figure 2.16(b).



The frequency response, determined from the deconvolved signal, is 
shown in figure 2.17 together with the response measured by the comb 
harmonic method described in part 1 of this thesis. The overall 
agreement is good, except at higher frequencies where the results 
obtained by the deconvolution method do not fall off quite as fast as 
those measured by the comb harmonic technique.

Table 2.1 Measured and deconvolved results for the 
Plessey #20 photodiode at 1300 nm

Laser source Measured FWHM 
AT&T (ps)

Measured FWHM 
Plessey (ps)

Deconvolved 
FWHM (ps)

Optoelectronics PLS10 
@1324 nm, 144V

41.6 47.9 40.7

Optoelectronics PLS10 
@1324 nm, 143V

41.9 48.0 40.4

Optoelectronics PLS10 
@1324 nm, 142V

43.1 48.8 40.3

Optoelectronics PLS10 
@1324 nm, 140V

46.0 51.9 40.1

Optoelectronics PLS10 
@1323 nm, 144V

39.5 46.1 40.4

Optoelectronics PLS10 
@1323 nm, 142V

40.5 46.5 39.8

Optoelectronics PLS10 
@1323 nm, 140V

40.3 47.0 40.8

Optoelectronics PLS10 
@1323 nm, 138V

42.1 48.0 39.8

Lasertron QPLX @1270 nm 46.7 54.2 41.6
Lasertron QPLX @1328 nm 60.6 63.1 38.4
All measurements - - 40.5
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2.9. CHAPTER SUMMARY

The concept of deconvolution has been discussed and a variety of 
deconvolution techniques have been described. In this work the Fourier 
transform deconvolution method developed by Nahman and Guillame has 
been adapted to allow the comparison of photodiodes measured using 
different laser sources. The significance of the filter function has 
been discussed. The deconvolution algorithm has been extended to allow 
multiple sets of measurements to be combined to give a single 
deconvolved result. The methods developed here give clear and easily 
interpreted results and are suitable for use by non-specialist users.



3. REDUCTION OF JITTER IN MEASURED SIGNALS

3.1. INTRODUCTION

Measurements made using a sampling oscilloscope will contain noise both 
on the signal and on the trigger inputs. The noise on the signal input 
is often due in part to that sampling process and can be reduced to an 
acceptable level by averaging many measurements. Noise on the trigger 
input gives rise to an uncertainty in time, between the measured signal 
and the trigger, as illustrated in figure 3*1*

Nofay trigger level

o»

Jitter Induced by 
noisy trigger signal

Time —>

Figure 3*1* Origin of the Jitter effect

This effect, called jitter, causes a distortion of the original signal 
which cannot be removed by averaging. The measured signal, for an 
infinite number of samples, is the convolution of the true signal and 
the probability density function of the jitter (equation 1):

00

g(t) = [ 0(t) f(t-T) dT
 ̂— 00

(eq. 1)



where g(t) is the mean of the measured signal; f(t) is the original 
signal; and 0 is the probability density distribution of the jitter.

The effects of jitter have been studied by N Gam2** at the National 
Bureau of Standards and a method for correction of jittered signals has 
been tested using their Automatic Pulse Measurement system25.

In this chapter the effects of jitter and noise on a waveform are 
explored using simulated data; and an algorithm for removing the 
effects of jitter is described. Two methods for measuring jittered 
signals are described and the results are processed to remove the 
jitter.

3.2. EFFECT OF JITTER ON VARIANCE AND EXPECTED VALUE 
OF THE MEASURED SIGNAL

The measured signal will have a variance function o2(t) which will be a 
function of the original signal and the probability density 
distribution of the jitter as shown in equation 2. This can be written 
in a more convenient form (equation 3)*

o2(t) = 0(t)(f(t)-f(t-T))2dT (eq. 2)
” — GO

00
a2(t) = f2(t) - 2f(t)g(t) + [ 0(t)f2(t—T ) dT (eq. 3)

” — CO

where g(t) is the jittered response; and f(t) is the original response.

The effect of jitter on the expected value and variance of a measured 
signal can be assessed by a adding noise and jitter to a known
response. The deconvolved response of the Plessey #20 diode
(figure 2.16 from the previous chapter) has been used. This waveform 
has a a FWHM of 40.5 ps. At each temporal point the number of samples 
was chosen to be 1024. The noise and jitter probability density
functions are both Gaussian. The mean value and standard deviation at 
each temporal point can be plotted together with the original signal. 
The effects of noise only (50 mV rms), jitter only (25 ps FWHM) and
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both noise and jitter (50 mV rms + 25 ps FWHM) are shown in
figures 3*2, 3*3 and 3*4 respectively. Each figure is divided into 
two parts: part (a) shows a fraction of the data (16 samples) so that 
the effects can be gauged, and part (b) shows the mean and standard
deviation of the signal at each point.

Figure 3*2 shows that the effects of noise can be removed by
averaging; this result is expected. Figures 3»3 and 3*4 show that 
the jitter has introduced a distortion of the measured signal that is 
independent of the added noise. The standard deviation of the jittered 
signals is not constant as a function of time; though the standard 
deviation curves plotted in figures 3*3 and 3*4 differ slightly.

In the previous example the mean and standard deviation were plotted. 
The standard deviation was chosen for the plot in preference to the 
variance because this allowed a direct comparison with the mean. The 
effects of noise and jitter are statistically independent and therefore 
the measured variance will comprise of two terms (equation 4):

cj2(t) = of(t) + cj2(t) (eq. 4)

where o£(t) is the measured variance; cy?(t) is the jitter contribution; 
and o*(t) is the noise contribution.

The noise contribution will be approximately constant, limited by the 
number of samples, and will therefore give an offset to the results. 
The shape of the variance function is the key to the removal of the 
jitter.

Signal dependent jitter

The jitter described in the previous example was statistically 
independent of the signal amplitude. If the amplitude of the signal 
contains a noise component then the measured standard deviation will be 
a function of the pulse shape. This is illustrated in figure 3*5 using 
the diode response example with an amplitude variation of 100 mV rms at 
the peak (10#).

If the trigger signal for the sampling oscilloscope is derived from the 
signal being measured then fluctuations in the signal amplitude will 
give rise to variations in the triggering point. This is shown in 
figure 3.6.
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Figure 3*6. Amplitude variation induced jitter

If the variations in the trigger signal are correlated with the
variations in the amplitude of the signal this will give rise to a
systematic jitter. This systematic jitter is illustrated using the
waveform example with a linear dependence of the trigger time on the 
trigger signal amplitude. The result is shown in figure 3*7* In this
example the amplitude variations and jitter were exactly correlated 
though; in practice this would not be the case.
In this example the mean and standard deviation show some asymetry when
compared with the results shown in figure 3*3* The mean and variance 
can be calculated by modifying equations 1 and 2 as shown in
equations 5 and 6:

00
g(t) = [ 0(t )(1+At ) f(t-T) dT (eq. 5)

00
C72 (t) = f 0 (t) (f (t)-(l+aT)f (t-T) )2dT

” — CD
(eq. 6)
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where A is the rms amplitude variation of the signal.

Systematic jitter will not be considered further in this analysis, 
nevertheless the techniques described in the following section can be 
used to remove this type of jitter.

3.3. REMOVAL OF THE EFFECTS OF JITTER BY A DECONVOLUTION TECHNIQUE

The deconvolution techniques discussed in the previous chapter can be 
used to make an estimate fe(t) for the unjittered signal response, from 
the measured signal gm(t), provided the probability distribution of the 
jitter 0j(t) is known. The estimate for the unjittered signal fe(t) can 
then be used to calculate an estimate for the variance crf(t). The 
measured variance will contain contributions, due to both jitter and 
noise, which are statistically independent. The noise contribution will 
be constant at each point. If the estimated variance af(t) is compared 
with the measured variance a^(t) the difference between the shape of 
two curves can be used to determine the accuracy of the estimate of the 
jitter (equation J):

E(t) = oj - oj (eq. 7)

where ajj; is the variance of the measured signal; o| is the variance 
calculated from the de-jitterd estimate of the signal.

If the estimate for the jitter and the deconvolved signal is good, then 
the error function E(t) will be a constant. A suitable figure of merit 
for the quality of fit is therefore the variance of the values of E(t) 
at each measurement point. The variance has been chosen in preference 
to the sum of squares as it removes the effect of the noise. The best 
value for the jitter parameter will give the lowest variance of the 
error.

To perform the deconvolution the jitter has been assumed to have a 
Gaussian probability density distribution. The NBS fourier transform 
deconvolution technique, described in the previous chapter, has been 
chosen, because the stabilising filter is optimal and introduces the 
minimum error into the result. This method requires a smoothing 
parameter y to be supplied by the user. Too low a value for y will give 
rise to excessive noise in the deconvolved result, which will in turn 
increase the estimated value of the variance function crf(t). Too high a



value for y will give an over filtered result, with an incorrect 
estimate for of(t). To improve the smoothness of the mean signal a 
bicubic spline26 was fitted to the measured data prior to the 
deconvolution.

To find the optimum value of the jitter and smoothing parameters a 
simple search algorithm has been used. Both parameters must be positive 
and so the logarithm of the value was optimised. A Newton method was 
used to find the optimum jitter parameter. This is not an ideal choice 
of algorithm because it is dependent on the choice of starting point. 
If too low a value is chosen then the routine converges to zero jitter 
where the error is a maximum. The search for the optimum choice of 
smoothing parameter was performed by evaluating the error for a number 
of values and selecting the minimum. The step size was then refined to 
improve the accuracy. The initial value for the jitter can be estimated 
in the following manner. If the jitter is assumed to be small then a 
Taylor series expansion of the region about the measurement point 
yields the following equation, neglecting higher order terms:

o * - O f (eq. 8)

If the gradient of the measured signal (—— n t *  assume<  ̂ to be a
reasonable approximation to the true gradient, then this expression can 
be used to yield an initial estimate for the jitter. The contribution 
to the measured variance due to noise (o2) can be estimated on a part 
of the signal, where the gradient is low. The accuracy of the estimate 
can be improved by weighting the result proportional to the square of 
the gradient. The estimate for the jitter parameter cr?(est) is given by 
equation 9:

E (oSU) *
of( est ) ■ — — ------  (eq. 9)

where n is the number of points; and o„(i) is the variance of the
signal measured at the ith point.

The derivative of the mean response can be calculated directly from the 
fitted spline function. This greatly improves the smoothness of the
result.



3.4. EVALUATION OF THE JITTER REMOVAL ALGORITHM USING SYNTHETIC DATA

The performance of the jitter removal algorithm was assessed using the 
simulated jitter data described in section 3*2. The signal with 25 ps 
FWHM jitter and 50 mV noise (figure 3*4) was chosen. Initially the 
starting values were chosen by hand to assess the operation of the 
optimisation routine. With starting values for the jitter of greater 
than 19 ps FWHM, the routine converged to find a minimum jitter of 
24.4 ps FWHM. The estimated jitter is lower than the true jitter 
(25 ps). This is a systematic effect caused by the deconvolution 
process. The initial estimate of the jitter parameter found by 
equation 9 gave a value of 26.6 ps, which was a satisfactory starting 
point for the optimisation routine.

The results from the de-jittering routine are shown in figure 3*8. 
Part (a) shows the jittered data, the result after processing and the 
error between the original (unjittered) data and the de-jittered data. 
In part (b) the variance of the jittered data (a2) and the variance 
calculated from the de-jittered data (o2) are plotted together with the 
error between these two curves. The agreement between the two curves is 
good but shows a slight systematic error attributed to the 
deconvolution process. The de-jittering technique, tested with 
synthetically jittered data, works well. Some systematic errors, caused 
in this case by the deconvolution routine, will lead to a low estimate 
for the jitter.

The variation of the initial estimate and final value of the jitter 
parameter was investigated for jittered signals in the range 15 “ 50 ps 
FWHM. The initial estimate was always higher than the true jitter and 
the final value was generally lower than the true value as shown in 
figure 3*9* The low estimate for the jitter parameter gave an 
incomplete removal of the jitter and hence a lowering of the peak 
signal. This effect is plotted in figure 3*10.

3.5. MEASUREMENT OF JITTER USING A DIGITISING SAMPLING OSCILLOSCOPE

The response of a Laser Diode Source and detector exhibiting jitter was 
measured using a Tektronix 11802 digital sampling oscilloscope. The 
experimental layout is shown in figure 3*H* An optical triggering 
arrangement was required because the electrical triggering was too 
unstable. This may introduce some additional systematic errors because
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of jitter correlated to amplitude fluctuations of the laser, described 
in section §3 .2 .
A total of 512 measurements were made. Each measurement consisted of a 
single sweep of 2048 points which were then sent to the computer using 
the IEEE-488 interface. This data acquisition technique takes roughly 
one second per set of measurement points. The amplitude stability of 
the laser is good but it is reasonable to expect that over a long 
period some drift would occur. A drift in the position of the pulse 
will have a similar effect to that of jitter, except that it is a
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Figure 3«H« Experimental layout to measure jittered signals

systematic effect. The effect of drift can be compensated by applying 
an artificial drift, numerically, when processing the data. The drift 
was calculated as a function of the measurement number, using the 
modified adaptive drift compensation scheme described in the previous 
chapter (section 2.8). To avoid introducing errors by overcompensating 
the drift a bicubic spline was fitted to the results. This smooths theIfluctuations due to noise and gives a better estimate of the overall 
drift. The measured drift and fitted spline are shown in figure 3*12.

A sample of the jittered data, corrected for drift, is shown in 
figure 3*13* The mean data is deconvolved to produce the estimate for 
the unjitterd signal. To improve the smoothness of the mean signal, a 
bicubic spline was fitted to the drift corrected mean. The FWHM of the 
mean corrected signal was 58 ps FWHM. The results were de-jittered and 
the best estimate for the jitter was 36 ps with a de-jittered signal of 
48.8 ps FWHM. The mean of the measured and de-jittered signals are 
shown in figure 3«l4(a). The measured and estimated variances are 
shown in figure 3*l4(b), together with the error between the two 
curves. The measured and calculated variances show some dissagreement.
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This may be because the statistics of the jitter are not Gaussian,

3.6. MEASUREMENTS OF JITTERED SIGNALS USING DIGITAL VOLTMETERS

The measurement method used in the previous section was limited by the 
time taken to acquire the data. If the same technique were employed 
with the previous generation of sampling oscilloscopes the time to 
transfer the data to the computer would be prohibitive. Alternative 
faster techniques are therefore required to measure jittered signals 
using these instruments.
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Digital voltmeters (dvm) with 'true rms' measurement capabilities for 
ac can be used to measure the standard deviation directly, because this 
corresponds to the rms voltage, corrected for the dc level. By 
employing two dvms the mean and standard deviation can be measured as 
the dc and ac components of the signal. The frequency response of a 
typical true rms dvm, Fluke model 8840A, extends from ^5 Hz to over 
10 kHz. No correction for the dc level is required and the standard 
deviation can be measured directly as the ac component of the signal.

The maximum internal triggering rate for a Tektronix 7S12 or 7S11/7T11 
sampling system is roughly 40 kHz. This is greater than the maximum 
frequency response of the voltmeter and may lead to low readings. To 
test the effect of trigger rate on the measured rms voltage a noise 
source was measured at a variety of trigger rates. Figure 3*15 shows 
the variation of the measured rms voltage as a function of trigger 
rate. The error bars correspond to 95% confidence intervals determined 
from the number of measurements at each point. The results indicate 
that at high frequencies the measured ac component will be low. This 
can be corrected by scaling. Nevertheless, a systematic effect caused 
by a change in the statistical distribution of the noise may occur at 
the peak of the signal. This cannot be corrected but the effect is 
expected to be negligable. The disadvantage of employing two separate 
instruments to measure the mean and the standard deviation is that 
errors of calibration between the two instruments may give rise to 
incorrect estimates for these parameters.

Figure 3»15* Error in the measured AC signal with sampling rate



Assessment of the method

A measurement has been made of the Lasertron pulse laser diode source 
at 1270 nm. The measurement system is shown schematically in 
Figure 3*16. The sampler is controlled by applying an external control 
voltage of 0 - 10.24 V from a programmable power, supply (HP6632A). A 
time base calibration was not performed in this case and a value of 
100 ps/V was assumed, this will be accurate to within ± 5%. A low pass 
filter with 100 ms time constant was included in the dc path to improve 
the noise performance.

Optical fibre

Trigger signal

Y output
X Input

Low 
pass 
filter 

(100 ms)

10 dB 
Attenuator

DC
DVM

True AC 
DVM

D /A
converter

AT&T
Fhotodiode

Controlling
computer

Lasertron 
QLPX 

1270 nm
Tektronix

7S12
sampling

oscilloscope

Figure 3*16. Measurement of jittered signals using digital voltmeters

The Fluke digital voltmeters used for the experiment have three 
measurement rates: 2.5. 50 and 100 readings per second, which can be 
programmed over the IEEE-488 interface. Measurements made on the slow 
reading rate give a smooth result with little noise. Measurements made 
at the medium reading rate show considerable noise for a single sample. 
The noise could be reduced by averaging though this gave little 
improvement over the lower reading rate. Measurements at the highest
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reading rate were too noisy to be of use.

The three sets of measurements, corrected for the reading rate error, 
have been processed to remove the jitter. The results are shown in 
figures 3*17* 3*18 and 3*19. together with the de-jittered response 
and the measured and estimated variances. A summary of all the results 
is given in table 3*1*

Table 3 1 Summary of the measured and de-jittered results

Measurement
parameters

Measured
results

De-jittered
results

Reading
rate

No of 
averages

FWHM
(ps)

Peak
signal
(mV)

Jitter
FWHM
(ps)

FWHM
(ps)

Peak
signal
(mV)

slow 1 5^.3 62.7 27.4 46.2 72.5
fast 1 50.8 67.3 27.0 44.2 73-3
fast 10 53-5 61.4 27.2 44.4 72.0

The de-jittered results for the three measurements show a good fit 
between the measured and estimated variance functions. The higher noise 
on figure 3*18 did not affect the result greatly. At present the 
routine to remove the jitter is fairly slow, limited by the time to 
perform the Fourier transforms. The use of dedicated hardware to 
perform the transforms would greatly improve the speed of the 
algorithm, allowing near real-time measurement and processing of 
jittered signals.

The data aquisition method presented here is simple and cheap to 
implement. The method will contain some systematic errors caused by 
differences in calibration between the ac and dc voltmeters, and by the 
bandwidth of the ac voltmeter.

3.7. CHAPTER SUMMARY

In this chapter the effects of noise, jitter, amplitude noise and 
amplitude noise correlated jitter have been assessed using synthetic 
data. A novel algorithm for the reduction of the effects of the jitter



has been presented. This algorithm has been evaluated using 
synthetically jittered data.

Measurement techniques suitable for the latest generation of digital 
sampling oscilloscopes and the previous generation of analogue sampling 
oscilloscopes have been described. Potential sources of systematic 
errors in these methods have been identified. The signals measured by 
these methods have been processed to remove the effects of jitter. The 
results show acceptably low errors between the calculated and measured 
variance functions, suggesting that the de-jittered signal is a good 
approximation to the original.



4. DISCUSSION AND FURTHER WORK

In chapter 2 the concept of deconvolution was discussed and a variety 
of techniques described. A fourier transform method, developed by 
Rahman and Guillame has been adapted to simplify the comparison of 
photodiodes measured using different pulsed laser diode sources. The 
deconvolution algorithm has been extended to allow multiple sets of 
measurements to be combined to give a single deconvolved result. The 
methods developed here give a clear and easily interpreted result 
suitable for use by non-specialists.

Work in this area will continue as an algorithm which estimates the 
value of a missing or uncertain point is required. Such a technique 
would be useful for overcoming systematic errors in the measurement 
system.

In chapter 3 the effects of noise, jitter, amplitude noise and 
amplitude noise correlated jitter have been assessed using synthetic 
data. A novel algorithm for the reduction of the effects of the jitter 
has been evaluated using the synthetically jittered data. Measurement 
techniques suitable for the latest generation of digital sampling 
oscilloscopes and the previous generation of analogue sampling 
oscilloscopes have been described. Potential sources of systematic 
errors in these methods have been identified. The signals measured by 
these methods have been processed to remove the effects of jitter. The 
results show acceptably low errors suggesting that the de-jittered 
signal is a good approximation to the original.

The algorithm currently used assumes that the statistics of the jitter 
are known. If the distribution of the measured values at each temporal 
point is known then it may be possible to determine the jitter 
probability density distribution. It is hoped that further work in this 
area may lead to an improved algorithm for the removal of the jitter.
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PART 3

DEVELOPMENT OF A GalnAs PHOTODIODE 
SUITABLE FOP USE AS A TPANSFER STANDARD 

AT 1,3 ~ 1.5 pm



1. INTRODUCTION AND OVERVIEW OF THE 
TRANSFER STANDARD PHOTODIODE PROJECT

1.1. INTRODUCTION

The previous two parts of this thesis concentrated on the techniques to 
measure the performance of an unknown device, both directly and by 
using a fast photodiode with well known temporal response as a 
reference device. This part of the thesis describes the research work 
to develop a fast photodiode and mount that can be used as the 
reference device. At the time this work was started GalnAs photodiodes 
were being developed for use in 1.3 pin long wavelength fibre-optic 
communication systems1*2. The speeds of the devices being reported was 
in the range 35 ~ 1^0 ps for the Full Width at Half Maximum parameter3. 
It was anticipated that the speed of response of these devices would 
increase and this would give rise to future measurement difficulties.

1.2. OVERVIEW OF THE PROGRAMME

A research programme was started at NPL to develop a fast photodiode 
and mount that would be suitable for use as a reference standard for 
high speed optoelectronic measurements. The requirements for this 
device, as perceived at the time, were as follows:

1. The device should have a bandwidth which is in excess of 20 GHz and 
the temporal response should be relatively free from ringing.
2. The diode and mount should be represented by a model to allow the 
impulse response to be estimated. Parameters for the model may be 
obtained from a detailed knowledge of the structure and from 
measurements of the device.
3. The operating spectral range should cover the two main wavelengths 
of interest for optical fibre communications, 1.3 and 1.55 microns.
4. The temporal response should be largely independent of variations of 
the bias voltage about the normal operating point.
5. The active area should be as large as practical and the speed of 
response should be independent of the position of the light spot on the 
active area.
6. The device should present a good impedance match to the measurement 
system so that the uncertainties introduced are minimised.



The manufacture of the photodiodes was carried out by industry under a 
extra-mural research contract, as NPL has no semiconductor fabrication 
facilities. The two firms approached were Plessey Research (Caswell) 
and STL. Plessey was chosen as this project was best fitted to their
own programme at that time.

The research programme was divided into three stages:

1. The development of a suitable model for the device and the 
measurement of the optical properties of the GalnAs material and the 
identification of a suitable device structure.
2. Fabrication of test samples in a high speed package to test both the
model and the package design.
3. Fabrication and assessment of the final devices.

The measurement of the optical properties of the GalnAs material, 
carried out as part of the first stage, was required because at that 
time no absorption coefficient data were available for the device 
modelling. The work is described in paper 1 referenced in appendix 2.

The modelling of the photodiode and mount was considered to be an
important part of the programme. Modelling of the diode structure 
allows the important design parameters to be identified and optimised. 
The model may also be used to estimate the temporal response of the 
device from incomplete frequency domain measurements. Parameters for 
the modelling can be determined from the physical properties of the 
device, measured during the manufacture.

At the time this thesis was written the research programme had not been
completed. The work covered is as follows: chapter 2 describes the
choice of a suitable diode structure, chapter 3 describes the device 
modelling and chapter 4 describes the development work covered in the 
second and third parts of the project.

A separate collaborative project was undertaken with British Telecom 
Research Laboratories to mount a fast photodiode on to a commercial 
microstrip test fixture and test the device performance. This work is 
described in chapter 5*



2. CHOICE OF A SUITABLE DEVICE STRUCTURE

2.1. INTRODUCTION

The choice of the device structure can affect the performance and 
suitability of the photodiode for a particular application. It is 
therefore necessary to choose the device structure that will give the 
best response in that application. Plessey make GalnAs pin photodiodes 
in two designs, a device where the light enters through the top contact 
and a device where the light enters through the substrate. In this 
chapter the advantages and disadvantages of the two available 
photodiode structures have been compared.

2.2. CHOICE OF DEVICE STRUCTURE AND SIZE

The two structures available are: a top entry device (figure 2.1) in 
which the light enters through the p+ region; and a substrate entry 
device (figure 2.2) in which the light must pass through the indium 
phosphide substrate before entering the active region. The growth and 
preparation of the GalnAs/InP wafers would be identical for both 
structures.

Because of the high cost of mask fabrication it was decided near the 
beginning of the programme that where possible existing masks should be 
used. Two mask sets giving circular active regions of 30 - 35 or 
40 - 45 microns diameter were chosen. Although speed was an important 
consideration, it was felt that if the device were too small it would 
be difficult to use.

Advantages and disadvantages of the top light entry structure

The top light entry device has the advantage of an extended wavelength 
range. Measurements, described in part 2 of this thesis, have been 
made on this type of device at 830 nm using a dye laser. A second 
advantage of this structure is that the majority of the current is 
carried by the more mobile electrons and so a lower operating bias 
voltage should be possible.

The photodiode chip must be connected to the external circuit. The 
number of bond-wires, their diameter and length will determine the 
overall inductance which can be varied to achieve the optimum response.
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Figure 2.2. Substrate light entry photodiode structure
4The effects of the mounting inductance on the predicted device 

performance have been modelled. These results are presented in the next 
chapter.

A major disadvantage of this structure is the need for a bonding pad so 
that the diode can be connected to the external circuit. The size of 
the pad is determined by mechanical constraints. If the area is too 
small then it will not be possible successfully to attach a wire to tfre 
pad. A 40 pm diameter bond pad would contribute an extra 150 fF to a 
diode with an depletion width of 1.0 pm, greatly slowing its speed of 
response. High speed GaAs photodiodes, where the bonding pad is 
considerably larger than the active area, have been fabricated using 
semi-insulating material and air-bridge techniques to reduce the 
capacitance*. However, these techniques were not available when this 
decision was made.

The other main disadvantage is that the speed of response may depend on 
the position of the light on the active area. Photogenerated carriers 
in the p+ region will move by diffusion due to carrier concentration 
gradients, rather than drift due to electric fields. These carriers 
will therefore contribute less to the high frequency performance of the 
device than the carriers generated in the high field regions of the 
device. The p+ layer must therefore be made thin so that the light will 
be absorbed mainly in the depleted region of the device. This gives 
rise to a positional dependence of the response speed, caused by the 
high sheet resistance of the thin p+ region. Some manufacturers have 
overcome this problem by growing a cap layer of indium phosphide



material to reduce the sheet resistance. This approach is successful 
but it restricts the operational wavelength range of the device.

Advantages and disadvantages of the substrate light entry structure

The operating wavelength of the substrate light entry structure is 
limited by the transmission of the InP and InGaAs materials to between 
0.95 and I .65 pm. This is ideal for the optical fibre communications 
windows at 1.3 and 1.55 pm but does not allow the use of the short 
optical pulses available from a dye laser.

The top contact of device is metallised, giving a temporal response 
that is independent of position. Connection can be made directly to the 
device active area, removing the need for a separate bond pad. 
Alternatively the diode can be mounted in a flip-chip configuration5. 
The former arrangement allows some variation of the mounting 
inductance. The latter method gives a repeatable, low inductance but 
contributes extra stray capacitance.

The light entering the device makes two passes through the active 
region because it is reflected from the metalisation on the top 
contact. This is a considerable advantage over the top light entry 
design as it allows thinner epitaxial growth layers to be used to 
achieve the same sensitivity. Some interference will occur between the 
forward and reflected travelling optical waves. However, this effect 
can be neglected because the device structure will not be completely 
uniform on the scale of the optical wavelength within the material 
(X/2 - 110 nm).

The majority of the current is carried by the less mobile holes because 
the peak optical absorption occurs near the heterojunction. The holes 
have, on average, a greater distance to travel to reach the undepleted 
p-type material than the electrons travelling to the region of 
undepleted n-type material. The peak optical absorption is also not 
coincident with the peak electric fields in this structure. To 
compensate for these effects a higher bias voltage must be adopted. At 
lower bias voltages there is the possibility of using the field 
dependence of the drift velocity for a non-linear mixing process. This 
effect is outlined in paper 4 referenced in appendix A2.



Choice of structure

The disadvantages of the top light entry structure are considered to be 
more serious than those of the substrate light entry structure for the 
transfer standard application. The possible position dependence of the 
response would make modelling difficult and could introduce serious 
problems with measurements. The speed of response would also be 
impaired by the extra capacitance caused by the bonding pad. For these 
reasons the substrate light entry structure has been chosen for 
modelling and optimisation.



3. MODELLING AND OPTIMISATION OF PHOTODIODES

3.1. INTRODUCTION

The development of a fast photodiode and mount requires compromises to 
be made between such parameters as size, speed and responsivity to 
produce the best design. The cost of fabricating a large number of 
different devices would be prohibitively high and so a theoretical 
model must be used to describe the photodiode responses.

In this chapter a small signal model of the chosen structure has been 
described. The model has been checked for accuracy by comparison with 
measurements made on a photodiode of known parameters. The model has 
been used to optimise the photodiode structure so that the the 
bandwidth and the responsivity are maximised.

3.2. THE CHOICE PHOTODIODE MODEL

The model used for the optimisation of the fast photodiode structure 
must be able to be run for a reasonable length of time (200 ps or 
more). A large number of runs must be performed so that the effects of 
various parameters can be investigated. The types of model fall into 
two classes: large signal and small signal simulations.

In a large signal simulation, the optical signal, diode structure and 
external circuitry must be modelled simultaneously. Such a model 
assumes non-linearity and so any change of the parameters requires the 
program to be re-run.

A further disadvantage is that the carrier concentrations in the 
undepleted regions must also be modelled. In the undepleted material, 
the carrier concentrations will be high and so the time increment, 
which must be shorter than the dielectric relaxation time, will have to 
be very small (<15 fs) to ensure stability. The dielectric relaxation 
time, given by equation 1, is the time constant for the correction of 
an imbalance in the local carrier concentration:



(eq. 1)

where tr is the dielectric relaxation time in n-type material; q is the 
electronic charge; pn is the electron mobility; n is the electron 
density; and e is the permittivity of the material.

The electric field throughout the device must also be calculated at 
each timestep. If a large number of parameter changes is required this 
type of model becomes extremely expensive.

In general the signals on a photodiode are small and do not perturb the 
internal field distributions significantly. It is therefore reasonable 
to use a small signal model in which the flow of the photocarriers is 
not allowed to affect the field distributions. The advantages of such a 
model are twofold: firstly the model is linear and so the overall
device response can be calculated from the current response, due to the 
flow of carriers within the structure, and the network response by 
convolution (equation 2); secondly the calculation of the field 
dependent carrier transport coefficients need only be performed once at 
the beginning of the program:

where V(t) is the response of the device; I(t) is the current response 
of the structure; and Z(t) is the response of the network formed by the 
diode and the mount.

A small signal model has been chosen to simulate the photodiode and 
mount performance. This allows the modelling of the epitaxial structure 
and the optimisation of the mounting structure to be performed 
separately.

Analytical models have been used to describe the current flow in 
photodiodes, but these were thought to be too limited for this 
application.

A finite difference approach has been chosen to describe the current 
flow within the epitaxial structure. The results from this model are 
then used to determine the overall response of the packaged device by 
equivalent circuit modelling.

V(t) o I(t ) Z(t - t ) dT (eq. 2)



3.3 MODELLING OF THE CUBRENT RESPONSE

A one dimensional explicit finite difference model has been chosen to 
describe the current flow. The use of a single dimension to model a 
three dimensional device is justified because the active area is large 
compared to the depletion width, removing any edge effects. The 
response speed is independent of position because the p+/metal contact 
covers the whole active area.

Carrier transport

The flow of carriers within the structure is governed by the classical 
continuity equations. The continuity equations for holes and electrons 
in a one dimensional approximation are as follows:

Bn 1 BJ_ n TT t o\
aE = q 5 T  + '  u (eq- 3)

Bp 1 3j„ TT / fl\
a t = ' q a /  + G- ' u (eq- 4)

where Jn and Jp are the electron and hole current densities; G is the
generation rate; and U is the recombination rate.

In this application the generation of carriers will be due to the
absorption of light and therefore Gn and Gp will be equal. The 
contribution of the recombination rate U has been ignored as the 
carrier lifetime is several nanoseconds which is considerably longer 
than the timescale of this model. The electron and hole current 
densities are given by equations 5 and 6:

„ 3D„ n
J„ = w „ E ♦ <>-§£-

JD = qu„E - q-  J&J23x

(eq. 5) 

(eq. 6)

where pn and pp are the electron and hole mobilities. The diffusion 
coefficients for the electrons and holes, Dn and Dp, are determined 
using the Einstein relation (equation 'J):



(eq. 7)

where D is the diffusion coefficient; k is the Boltzmann constant; and 
T is the lattice temperature.

The assumption of constant electron and hole mobilities breaks down at 
the high fields present within the depleted region of the photodiode. 
The average velocity/field characteristics for GalnAs and other III-V 
materials has been measured at fields of up to 100 kV/cm by 
T H Windhovrfi'7. The characteristics have also been extensively 
modelled using Monte-Carlo simulation techniques by Littlejohn et 
al8,9. The measured drift velocities have been fitted to a simple 
function (equation 8) so that the drift velocities within the 
depletion region can be modelled. At the time this part of the work was 
done, no high field measurements of the hole drift velocities had been 
reported. A simple approximation10, shown in equation 10, was used to 
model the saturation of the hole drift velocity:

Ve^  = " (1 +1 aE.E) ' ^(1 +9£E.E) {eq*

where ve(E) is the field dependent drift velocity for electrons; a and 
P are constants chosen to give the best fit to the data;

ye = yi + p2 (eq- 9)

where y is the low field electron mobility;

vh(E) =  Ph.E (eq. 10)
vs

where vh(E) is the field dependent hole drift velocity; yh is the hole 
low field mobility; and vs is the saturated drift velocity.

This is a crude approximation as it assumes that the carriers will 
instantaneously reach the average drift velocity. Simulations of the 
carrier dynamics of GaAs (a related compound) by the Monte-Carlo 
method, show that, on the timescales of interest, the approximation is 
reasonable1?. The values for the coefficients of the electron and hole 
drift velocities used in this work are given in table 3*1*



Table 3*1* Parameters used for the field 
dependent drift velocities

Description Symbol Value Units
Low field electron 
mobility Pe 9500 cm2/Vs

Parameters for the Ui 9303.3 cm2/Vs
model of the field V2 196.7 cm2/Vs
dependent drift a 6.285xl0~8 cm2 /V2
velocity P 1.548x10" 9 cm2/V2
Low field hole mobility Ph 300 cm2/Vs
Saturated drift 
velocity Vs 5xl06 cm/s

More recently measurements of the hole and electron drift velocities 
have been made by P Hill et at2* over the range 66 - 197 kV/cm. These 
results are shown in figure 3*1» together with the approximating 
functions and the measurements by Windhorn. The agreement between the 
original data (Windhorn) and the fitted curve is good, with a rms error 
at each point of 1.85 x 105 cm/s. The later measurements give slightly 
higher values than those used for the modelling and so the theoretical 
results may be slightly pessimistic.

The Einstein relation, shown in equation 7» gives the low field 
diffusion coefficient. If this value is used throughout the model then 
serious problems will occur because the high electron mobility gives 
rise to a large diffusion coefficient which dominates the carrier 
transport equations even in the depleted region where the electric 
field is high.

To overcome this problem the constant diffusion coefficients have been 
replaced by field dependent relations, equations 11 and 12:
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».,E> . (eq. 11)

for electrons and

Dh(E) = |k^ h(E) (eq. 12)

for holes. De(E) and Dh(E) are the field dependent diffusion 
coefficients.

Field dependent diffusion coefficients have been measured in a similar 
material, gallium arsenide, by Fawcett & Fees10. Their results show 
similar high field behaviour and suggest that this approximation is 
reasonable.

Treatment of the hetevojunction

The depletion region of the diode may extend into the InP material. 
Photoelectrons generated in the GalnAs absorbing region will have to 
cross the heterojunction in order to reach the undepleted n-type 
material. In this model the effects of the heterojunction have been



largely ignored. However, the model allows the carrier transport 
equations to be modified in the following manner: a constant factor has 
been included, corresponding to for the probability that a carrier can 
cross to the next spatial point; within a material this factor would be 
unity for both carrier types and in both directions. However, at the 
heterojunction, different factors could be chosen for the two 
directions of travel and for the two species of carrier. The electric 
field calculations correct for the different material permitivitty 
within the structure.

Finite difference representation of the carrier flow

The finite difference approximation uses a Taylor series expansion to 
give an estimate for the derivatives of the carrier concentrations in 
space and time. This assumes that the carrier concentration is a 
continuous and single valued function with continuous derivatives. The 
Taylor series expansion for the electron density about a point is shown 
in equation 13.

n(x+Ax) = n(x) + A x ^  + ^ f r | ^  + ^ f | ^ T  + ••• (eq. 13)

If the series is truncated so that only the first two or three terms 
are considered then approximations for the first and second derivatives 
can readily be obtained:

8n _ n(x+Ax) - n(x) a
9x Ax 0l (eq- 14>

and

02n n(x-Ax) - 2n(x) + n(x+Ax) ,
9x2 - Ax + °2 (eq- 15>

where and 02 are error terms due to the truncation of the series.

The temporal derivatives of the carrier concentration can be obtained 
by a similar procedure.

Truncation is the major source of error in the finite difference model. 
The errors in the representation of the first derivative of the carrier 
density will be proportional to the step size. If the spatial 
derivative were described by the following relation:



dn _ n(x+Ax) - n(x-Ax) 
3x 2Ax (eq. 16)

then the errors would be proportional to Ax2. Unfortunately this scheme 
has been shown to be unconditionally unstable by P A Blakey11

Model structure

In the model the flow of holes and electrons are treated separately. 
The epitaxial layer and part of the substrate has been represented as
two interleaved sets of layers. These contain the carrier
concentrations and the carrier transport coefficients respectively.
Within each layer the values are assumed to be constant. The structure
is shown in figure 3*2.
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Dr i ft c o m p o n e n t
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Figure 3*2. Finite difference model of the photodiode

The spatial structure is the same for both holes and electrons but the 
timesteps Ate and Ath are different with Ath = k Ate , where k is an 
integer. The reason for the different timestep values is that the lower 
mobility of the holes allows the model to remain stable with a longer 
timestep than that allowed for electrons.

Numerical stability

The criterion for stability is simple, the number of carriers moved 
from one layer to the next in one timestep should not exceed those 
originally present in that layer. Dielectric relaxation does not affect 
this model because the static electric fields are not perturbed by the



photogenerated carriers. The nonlinear drift velocity characteristic 
makes the rigorous testing of the stability difficult during the data 
preparation phase. Two simple criteria have been chosen as a quick test 
of the stability. These tests are for the stability in the undepleted 
n-type material (equation 17) where diffusion effects dominate and for 
the holes in the high field region where the drift velocity is the 
dominant effect (equation 18):

and

Ate £ Ax2
2D.

Atv Ax
sat

(eq. 17)

(eq. 18)

where De is the low field diffusion coefficient for electrons and Vsat 
is the saturated drift velocity.

The program to determine the current response calculates the transport 
coefficients and then checks that they meet the stability criterion at 
all points.

Pseudo-diffusion

The finite difference approximation to a partial derivative will 
contain higher order terms. If only the second derivative terms are 
considered the effect is to introduce a pseudo-diffusion component 
which behaves as an increased diffusion coefficient. The finite 
difference representation of the continuity equation for electrons, 
shown in equation 19, has been expanded to include the second 
derivative terms (equation 20):

n(t+At) ~ n(t) = v n(x+Ax) - n(x) , .
At e Ax v * '

where V is the drift velocity for the electrons;

§e ■ v* l + -■- w h  I f  (eq- 20)

The diffusion effect will be zero when the drift velocity is either 
zero or such that all the carriers move from one layer to the next at
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each timestep. The error due to this effect will be a maximum when half 
of the carriers move to the next layer at each timestep. To illustrate 
this effect the transport of a packet of charge through a finite 
difference scheme has been considered. Two examples with normalised 
drift velocities, defined in equation 21, of one and a half are shown 
in figure 3*3*

where Vnorm is the normalised drift velocity.

The pseudo-diffusion effect can be compensated by reducing the value of 
the original diffusion coefficient except where the pseudo-diffusion is 
greater. If a negative diffusion coefficient were introduced the model 
would become unstable and so a value of zero must be used.

Treatment of the contacts

The p+ contact and the InP substrate end layers have been assumed to 
trap all carriers. At the p+ ohmic contact the minority carrier 
concentration will be held at its equilibrium value by the increased 
recombination effects caused by the high local doping. At the final 
modelled layer of the substrate it was assumed that both electrons and 
holes would be lost into the substrate by diffusion.

Equations governing the flow of carriers

The flow of electrons and holes from one layer to the next are given by 
simple relations designed to ensure that the model is conservative and 
stable. The diffusion component of the carrier flow (for electrons) 
will be given by equation 22:

where n is the carrier density in the box, the subscripts denote 
position; D is the normalised diffusion coefficient, corrected for 
pseudo-diffusion effects; and 01 and 02 are the probabilities that the 
carriers can cross from a lower number box to a higher and vice-versa.

The contribution due to drift is more complex as the direction of the 
drift must be taken into account to ensure numerical stability. Four 
combinations of drift direction are possible although two of these are 
highly unlikely. These are shown in the following relations:

V,norm (eq. 21)

Anj(diff) = - njef.J + D ^ n ^ e f  - Hj 0J) (eq. 22)



^nj (drift) = ni,1Q)_1Vj_1 - niQ)Vi (eq. 23)

where the both the normalised drift parameters (V) are positive.

Anj (drift) = - 8}Vj) (eq. 24)

where V,., is negative and V, is positive.

(drift) nj^ej.tVj., - nj^flfVj (eq. 25)

where Vj.j is positive and Vj is negative.

dnj(drift) = 1̂ 65. ^ . ,  -nj.^Vj (eq. 26)

where the both the normalised drift parameters (V) are negative.

The carrier density in the box can be calculated from the drift and 
diffusion components as shown in equation 27:

nj(t+At) = nj(t) + Anj(diff) + Anj(drift) (eq. 27)

where n(t+At) is the carrier density in the box after one time 
increment of At.

The equations for the transport of the holes will be identical as the 
equation set takes into account the direction of flow of the carriers.

Current response of photodiode

The photodiode under bias contains three regions: an undepleted (highly 
conductive) p+ region; a depleted (insulating) n~ region; and an 
undepleted (highly conductive) n+ region. The structure is therefore 
very similar to a capacitor. The flow of current in the external 
circuit due to the photogenerated carriers causes the potential across 
the diode to vary, altering the depleted width slightly. Returning to 
the capacitor analogy, the change in the depletion width is negligible 
and therefore the potential across the photodiode induced by the 
photogenerated carriers is equivalent to a charge on the plates of the 
capacitor formed by the depletion width. The current response can be 
calculated from the potential induced by the photogenerated carriers 
using the relation (equation 28):



I(t) = (eq. 28)

where C is the capacitance of the diode.

The initial distribution of photocarriers is generated using the 
absorption coefficients for the n~ and p+ GalnAs materials and assuming 
exponential absorption. The light passes through the diode initially 
and is then reflected back again from the metallic top contact. The 
density of carriers in a layer is proportional to the sum of the 
forward and reverse losses in that layer. Interference effects caused 
by the coherence of the light reflected from the metal contact have 
been ignored in this analysis.

The potential induced by the drift and diffusion of the photogenerated 
carriers can be calculated by numerically integrating the fields 
produced by their presence (equations 29 and 30). The majority 
photogenerated carriers, i.e. electrons in the region of undepleted 
n-type material and holes in the region of undepleted p-type material, 
are assumed to lie at the edge of their respective depletion regions:

*1 - * 1-1 * < e q - 29)

where E is the electric field and =0; q is the electronic charge; € 
is the permitivitty of the material and n and p are the photogenerated 
carrier densities of the electrons and holes respectively.

A y  n - 1V = E (E± + E1 + 1) (eq. 30)^ i = 1

The charge density can be calculated using the potential and the 
capacitance per cm2 . In this model the charge at the final timestep is 
normalised to unity so that the current response (^) will be an 
impulse response with unity area.

Network response

The lumped circuit network (figure 3»*0 has been used to model the 
effects of bondwire inductance, contact resistance, load resistance and 
the capacitances due to the depletion width and stray effects. The 
position of the stray capacitance is not known and so can be introduced



separately as C2. The load resistance will be either 25 Q or 50 £2 
depending on whether or not the mount is reverse terminated. In a 
reverse terminated mount any signals reflected by the measurement 
system will see a near perfect 50 Q termination of the diode mount, 
reducing further reflections. The disadvantage is a reduced signal from 
the diode caused by the current being divided equally between the 
measurement system and the terminating load.

Series
resistance

Mounting
Inductance

Stray
capacitance

V

I
1

Figure 3*^» Network description of the photodiode

The lower load impedance seen by the diode increases its response speed 
but also makes the design more sensitive to the inductance of the 
bondwire. Circuit analysis of the network gives the following 
expression (equation 31) for the frequency response.

R2
Z(ja)) = ((l-tLCj + R1R2C1C2)o)2)+jo((R1C1+R2(C1+C2))-LC1C2R2o)2))

(eq. 31)

Later in the programme a more sophisticated method of analysing the 
network was adopted to allow the introduction of* circuit elements such 
as delays and the reflection from connectors. In the new approach each 
element in the circuit was treated as a one, two or three port network. 
The reflected signal from each network and the transmitted signal 
through each network can be calculated as at any frequency. In this 
analysis, scattering parameters were used because they are the most 
convenient method for representing a microwave network. A good 
introduction to scattering parameters is given by Kuo.
The scattering parameters for two simple networks, shown in 
figure 3*5* have been considered here. The first is a series impedance 
which will have a reflection coefficient given by:
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S =  z____b*“  (Z ♦ ZJ
1

and a through transmission given by:

(eq. 32)

S8 21 = 1 " S8 j (eq. 33)

where S8 l l  is the reflected signal; Ss21 is the forward transmitted 
signal; Z is the series impedance and ZQ is the line impedance (50 Q).

The second network is a parallel conductance Y which will have a 
reflection coefficient given by equation 3̂ :

-YZ„
p11 (2 + YZ )

and a through transmission given by:

(eq. 34)

Sp21 (eq. 35)

A complicated representation of the diode circuit response could be 
built up by combining the networks as shown in figure 3*6 and 
equations 36 - 39*
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3.4. PARAMETERS AND INITIAL CONDITIONS FOR THE PHOTODIODE MODEL

The parameters for the network response will depend strongly on how the 
photodiode is mounted. The values of stray capacitance and inductance 
will be very small and so cannot be measured directly. These values can 
be estimated by measuring the electrical reflection coefficient (Sn  ) 
with a vector network analyser and then fitting a model to the measured 
results12. Unfortunately when this work was performed facilities of this 
type were not available at NPL. An estimate of 70 fF was be made for the 
stray capacitance, based on the physical size of the chip. The true 
value may lie anywhere in the range 40 - 100 fF and is comparable with 
the depletion capacitance. The mount inductance was expected to be less 
than 2 nH.

The diode current response is affected by the distribution of the 
optically generated carriers, the electric field profile within the 
depleted region and the electron and hole drift velocities and diffusion 
coefficients.



The distribution of the optically injected carriers can be determined 
using the measured absorption coefficients for GalnAs, paper 1 by this 
author, referenced in appendix 2. Different values have been used for 
the n~ and p+ regions of the device. The values for the absorption 
coefficients, at a wavelength of 1.3 pm. are 1.16 x 10̂  cm _1 and 
1.55 x 104 cm-1 for the n~ and p* type materials respectively. The
reason for the higher value in the p+ material is not understood. In the 
model the number of electron-hole pairs injected is proportional to the 
total light absorbed in the element.

The electric field profile for a particular bias voltage can be 
determined if the doping profile is known. The surface doping level is 
in the range 1018 - 1019 cm-3 and the depth of the junction is
controlled to be roughly 1 pm. Later in the programme, Plessey developed 
a shallow diffusion technique which gave junction depths of the order of 
0.3 pm* The p+ region of the device is made by zinc diffusion. The 
theoretical doping profile is the gaussian error function. In practice 
the profile will differ because not all the dopant material will fall 
onto active lattice sites. In this model the p+ doping level has been 
assumed to be constant at 1018 cm'3.

A small fraction of the zinc dopant material will have penetrated beyond 
the junction and will compensate the residual n" doping to give a lower 
effective value. By measuring the capacitance of the junction as a 
function of bias voltage it is possible to make a good estimate of the 
doping profile with thicker devices. As the bias voltage is increased 
the width of the depleted region increases. Using the relation (equation
40) it is possible to determine the local carrier concentration and
hence estimate the doping profile of the device.

where C is the capacitance; and Q is the charge

A measured CV plot, where the doping profiles have been calculated, is 
shown in figure 3*7* The apparent sharp rise and dip of the carrier 
concentration at the heterojunction (1) is not indicative of the local 
doping profile. The electrons in the indium phosphide material are at a 
higher energy than those in the neighbouring gallium indium arsenide. 
Consequently electrons moving by diffusion from the indium phosphide
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Figure 3*7* Carrier density distribution calculated from C-V profile

into the gallium indium arsenide can do so but; in the opposite 
direction they will experience a potential barrier. Around the 
heterojunction the charge imbalance will give rise to a local high field 
region and an equilibrium will be set up. In the depleted photodiode all 
the electrons will have been swept out and so only the fixed charges due 
to the dopants will remain. It has been assumed that no significant 
diffusion occurs between the GalnAs and InP layers during the material 
growth.

3.5. MODELLING PROGRAMS

The photodiode modelling proceeds in two phases: the modelling of the 
flow of charge in the epitaxial structure, and the modelling of the 
diode response as a convolution of the current and network responses. To 
make a cost effective use of computer resources, both space and time, 
the model has been implemented in four stages: data preparation;
modelling of the current response; data compression and a suite of 
modelling programs to give time domain, frequency domain, or contour 
plots of the resultant response. The division of the task into separate



programs has allowed the use of batch and interactive programs where 
appropriate, as shown in figure 3«8*
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Figure 3*8. Photodiode modelling programs 

NPL Facilities

The NPL computing facility used an ICL 2976 at the time this work was 
carried out. Three Fortran compilers were available for general users: 
FI, G and Fortran 77* The FI compiler (Fortran IV) carried out the bulk 
of the checking during the compilation and has few run time checks. Both 
the G (Fortran IV) and the Fortran 77 compilers carried out a number of 
checks during run time. This made them slow for use with a long batch 
program. The difference between the run time of FI and G compiled



programs was considerable. A data set containing 4l runs of a 3.^ pm 
epitaxial thickness device (216 spatial points) with 1024 temporal 
points was run on the modelling program. Using the FI compiler the 
program took 2300 seconds (56 seconds per run) but using the G compiler 
the time taken was 8600 seconds (210 seconds per complete run), almost a 
factor of four difference.

The Fortran G compiler was required for use with the Ghost 80 graphical 
software to allow interactive modelling of the device performance. In 
this application the programs were relatively short and the slower 
running speed was relatively unimportant.

Data preparation

The data preparation program is interactive and generates a data file 
for the modelling program. This task would be tedious to carry out by 
hand and the possibility of errors would be high. Some checking of the 
original data is carried out at this stage, parameter choices that are 
obviously wrong or fail simple stability tests are rejected. Parameters 
such as the doping levels or the epitaxial layer thickness can be varied 
between a minimum and maximum value but the absorption coefficients, 
which do not vary linearly with wavelength, can be entered individually 
or be fixed at a particular value.

Current response program

The current response model was run as a batch program. A maximum of 51 
structures could be modelled, each containing up to 256 spatial points 
and 1024 time values. The number of structures chosen was generally 
smaller and depended on the range over which parameters were being 
varied. At the start of the run the stability of the transport 
coefficients was checked, the program would stop if the stability 
conditions were violated.

Spline fitting

The output data file from the modelling program took roughly 15.5 kbytes 
per set of parameter changes making an average of 686 kbytes (4l runs) 
per run. The current response model gave the normalised charge response, 
the integral of the current response. The current response can be 
determined by a numerical differentiation process.

A spline13 representation of a curve consists of a set of n degree



Figure 3*9* Spline fitted to the original data

polynomial arcs joined together at the ends (knots) with continuity in 
the values of the function and all derivatives to the n - 1th. The 
spline uses a number of low degree polynomials to give a smooth curve, 
rather than resorting to a single polynomial or Tchebychev series 
containing a large number of terms and possibly introducing unwanted 
fluctuations into the result. The spline functions are piece-wise 
continuous polynomials and can therefore be differentiated analytically, 
allowing a more accurate representation of the current response than 
could be obtained by using a finite difference approximation.

A two dimensional spline was fitted to the charge response. On the time 
axis a bicubic spline was chosen, giving a quadratic spline 
representation of the current response after differentiation. The 
parameter axis was represented by a bicubic spline as this gave adequate 
results. The number of knots in the two axes of the spline were markedly 
different. The signal changes rapidly along the temporal axis and 
therefore a large number of knots (5̂ ) were required. On the other axis
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Figure 3«10. Spline fitted current response

the response varied more slowly and so few (6) knots were required. The 
positioning of these knots was carried out automatically1 ̂ . All the 
routines used are available from the Division of Information Technology 
& Computing (DITC) Data Approximation and Subroutine Library (DASL) at 
NPL. An Isometric projection of the fit to the original data (the 
varation of the potential induced by the photocarriers) is shown in 
figure 3*9. The current response, derived from the original data, is 
shown in figure 3*10. The fitting of the splines reduces the size of 
the data set from 636 kbytes to 20 kbytes which is a considerable space 
saving.

3.6. VERIFICATION OF THE MODEL USING MEASURED RESULTS

In order to proceed with the development of an optimised diode it is 
important to know that the model chosen is accurate. Measurements were 
made of the performance of a prototype diode and mount. A fitting 
program was then used to find the best values of parameters such as the



Epitaxial layer thickness and the stray capacitance for which good 
estimates were available from measurements made during the manufacturing 
process.

Photodiode and mount

The Photodiode, designated K133a, is a substrate light entry PIN device 
with a 45 pm diameter circular active area. A photograph of the 
photodiode chip is shown in figure 3*11* In the upper part of the 
photograph, diode is shown mounted on the glass submount in the flip 
chip configuration. The lower part of the photograph shows the underside 
of the chip. The diode mesa and gold thermocompression bond-pads can be 
clearly seen. The diode was mounted on a low capacitance glass 
subcarrier and bonded onto a ceramic microwave package15 by Plessey. The 
Epitaxial layer thickness of this device was measured at Plessey during 
the manufacturing process and is 3«2 ±0.1 pm. The total capacitance of 
the diode and ceramic mount was measured as 140 fF at 15 V bias. The 
internal series resistance of the diode was not measured but is normally 
within the range 5 “ 10Q.

The diode was mounted between the centre and outside of a coaxial line. 
A modified form of the NPL fast photodiode mount (this author, 
unpublished work) was used as this gave excellent decoupling of the bias 
supply.

The measurement system

The measurement system, shown in figure 3*12, consisted of a Tektronix 
sampling system and an Optoelectronics Ltd PLS 10 laser diode at 1324 nm 
as the source.

The laser suffers from multiple pulsing, described in part 1 and 2 of 
this thesis. An research photodiode from AT&T Bell laboratories16, 
having a frequency response considerably in excess of that of the 
sampler, was used as a transfer standard to give the impulse response of 
the system. Measurements were made with the laser diode biased at l4l, 
142, 143 and 144 V using both the Bell and Plessey diodes. A 20 dB 
attenuator was used to remove any electrical reflections from the 
photodiode or the sampling head.



Figure 3*H* Plessey photodiode chip mounted on glass subcarrier 
(upper) and view of the etched mesa (lower)

Fitting program

A forward convolution fitting process was used to determine the accuracy 
of the model in preference to the deconvolution method described in
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Figure 3*12. Layout of the system to measure the Plessey K133a 
photodiode at 1324 nm

part 2. This approach was taken because it eliminated the need for a 
filtering function to remove the effects caused by deconvolution of the 
noise. In the forward convolution method the model is convolved with the 
system impulse response and compared with the measured response. The 
parameters are varied until the sum of the squares of the difference 
between the two curves is at a minimum.
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Figure 3*13* Network model of the photodiode

A simple network was used to describe the diode response (figure 3*13)• 
The values of the parameters were constrained to lie within physically 
realisable limits. Table 3*2. shows the allowed range of the 
parameters and their starting values.

The minimisation routine used for the program was a Linearly Constrained 
modified Newton algorithm Subroutine17 from the DITC Numerical 
Optimisation Subroutine Library (DNOSL).



Table 3*2. Starting values for the fitting program

Parameter Minimum
value

Maximum
value

Starting
value

Units

Stray capacitance 0.0 200.0 60.0 fF
Series resistance 0.0 20.0 5.0 Q
Bondwire inductance 0.2 2.5 1.25 nH
Epitaxial layer 
thickness

2.8 3.6 3.2 pm

Time shift -200.0 200.0 set for 
each run

ps

Scale factor 0.0 10.0 set for 
each run

Results from the fitting program

Figure 3*1^ shows the measured responses of the Bell and Plessey 
diodes, the convolution of the Bell diode response with the model for 
the optimum choice of parameters and the accuracy of the fit obtained 
with the laser biased at 1^1 V. The final values of the parameters are 
shown with their mean and standard deviation in table 3*3* Good
agreement has been found between the measured epitaxial layer thickness 
and the fitted result suggesting that the model is fairly accurate and
can be used to predict the photodiode response.
The high inductance of the photodiode mount (-1.3 nH) makes this
mounting arrangement unsuitable form use with high speed diodes.

3.7. MODELLING RESULTS

The modelling programs have been used to investigate the effect of 
varying the mounting inductance, the stray capacitance, the device 
diameter and depletion width on the speed of response. A number of 
different programs have been developed to give time or frequency domain 
information about the diode response. In order to optimise the design a
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suitable parameter must be chosen to represent the diode performance. 
The two most commonly used parameters are the Full Width at Half Maximum 
(FWHM) in the time domain and the frequency at which the sensitivity of 
the diode is reduced by 3 dB (f_ 3 d B) • These parameters make a good 
starting point but have limitations because of their inherent 
simplicity.

For a given device area, a change to the depletion width will alter both 
the transit time for the photogenerated carriers and the junction 
capacitance. If the depletion width is too small, the speed of response 
will be dominated by capacitive effects. If the depletion width is too 
large, the transit time for the photogenerated carriers will dominate. 
Clearly there must be an optimum depletion width for a given diameter 
device. The modelled results showing this relationship are presented in 
figure 3.15. The optimum depletion width for a 30 diameter device is 
approximately 0.8 pm.



Table 3*3* Results from the fitting program

Parameter Optimum value for each run Mean Standard
deviation

Units

Laser bias 141.0 142.0 143.0 144.0 - - V
Stray
capacitance

92.6 105.5 118.3 88.1 101.1 13.6 fF

Series
resistance

5.86 6.44 6.78 5.67 6.19 0.52 Q

Bondwire
inductance

1.28 1.27 1.23 1.32 1.28 0.04 nH

Epitaxial layer 
thickness

3.24 3.26 3.27 3.23 3.25 0.02 pm

Time shift 61.2 0.44 -15.9 -30.6 - - ps
Scale factor 0.80 0.59 0.82 0.70 - - -

The inductance of the mounting circuit can also be used to enhance the 
speed of response of the photodiode. This technique has been used by a 
number of authors to improve the photodiode performance16 •18. 
Figure 3*16 shows the current response of structure, the response of 
the network and the overall response of the device. The resonance 
associated with the network response raises the overall response of the 
device and greatly improves the 3 dB frequency performance. At 
frequencies above this resonance the overall response of the photodiode 
drops rapidly. Some tailoring of the individual mounting inductance, or 
selection of the devices after manufacture, is required to achieve the 
best results.

The effect of the variation of the mounting inductance on the frequency 
response of a photodiode is shown in figure 3*17*

The temporal response of the photodiode is also of great importance as 
it allows the device to be used as a transfer standard for both vector 
and scalar measurements. Figure 3*18 shows the modelled response of an 
optimised photodiode with a FWHM of 17*9 PS and a f3dB frequency of
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Figure 3*18. Temporal response of a 45 diameter, optimised photdiode

photodiodes with millimetre-wave bandwidths will allow the measurement 
of the temporal response. A possible solution would be to use a model of



the photodiode performance fitted to the measured parameters for that 
device. The measured scalar frequency response can be used in 
conjunction with vector measurements of the electrical reflection 
coefficient and a model of the device to estimate the response.

3.8. CHAPTER CONCLUSION

In this chapter the advantages and disadvantages of the available 
photodiode structures have been compared. The structure chosen for the 
optimised design will be of the substrate light entry type with an 
active region of 30 - 40 microns in diameter.

A linear small signal model of the photodiode has been described and the 
choice of the parameters for this model has been shown. The accuracy of 
the model has been tested using measurements of a device with a known 
structure. The effect of varying parameters on the device frequency 
response has been considered. The model has been used to estimate the 
optimum parameters for achieving the highest bandwidth and the largest 
area device.



4. DEVELOPMENT AND ASSESSMENT OF THE FAST PHOTODIODE AND MOUNT

4.1. INTRODUCTION

The choice of the mount design for a fast photodiode strongly affects 
the overall performance of the system. The design determines the load 
impedance, stray capacitance and inductance seen by the diode. In this 
chapter the main mounting configurations are compared, the design of a 
coplanar geometry prototype mount is described and the experimental 
results obtained with these designs are presented and discussed.

4.2. MOUNTING CONFIGURATIONS

The mount configuration chosen for a fast photodiode designed to be 
used as a transfer standard should have good high speed properties and 
should present a good impedance match for signals reflected from the 
measuring equipment. The second property is called reverse termination 
and can be achieved at the expense of some of the diode sensitivity. 
The importance of the reverse termination property can be seen from the 
following example. A measurement system with a return loss (reflection 
coefficient) of -15 dB, will give rise to errors of up to ± 1.5 dB due 
to reflections, when measuring an unterminated photodiode. If a reverse 
terminated photodiode having a maximum reflection coefficient of -10 dB 
is used the overall accuracy will be ± 0.5 dB. To obtain an equivalent 
performance with an unmatched diode the return loss of the measurement 
system would have to be improved by 10 dB. Alternatively the return 
losses of both components could be measured and a correction made to 
the results as shown in part 1 of this thesis. Reverse terminated 
packaged devices with frequency responses of greater than 20 GHz have 
been reported16 >19.

The main circuit arrangements used to mount photodiodes and 
photoconductors are shown in figure 4.1 a - d. The positions of the 
decoupling capacitors have been shown as these represent a potential 
source of problems for a high bandwidth design.

The first arrangement, shown in figure 4.1a, is the simplest and most 
commonly used design for a fast photodiode mount and was used for the 
initial assessment of the substrate light entry photodiode design. The 
load impedance presented to the diode is 50 Q and all of the signal is 
launched into the line. This design is not reverse terminated and will
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present a poor match for any signals reflected from the measurement 
system. Results obtained in the previous chapter, from the assessment 
of the substrate light entry photodiodes, suggested that the inductance 
of this type of mount could be as high as 1.3 nH. More recent results 
suggest that an inductance of about 300 pH can be obtained18,12.

The second arrangement is a hybrid circuit consisting of a resistive 
network to match the diode to the transmission line. The circuit can be 
well matched to the 50 £2 line and hence overcomes the problems caused 
by reflections. The penalty of this approach is that half the signal 
will be lost to the matching network. The AT&T Bell laboratories 
photodiode16 used in previous measurements is of this design. The 
diodes were mounted in a modified detector diode mount (HP33330C) which 
has a series resistance of roughly 50 £2. The photodiode is therefore 
presented with a load impedance of 75 Q which seriously restricts the 
allowable device area but allows a higher mount inductance to be 
tolerated. A 45 pm diode of the Plessey substrate entry design, 
optimised for speed, would have a 3 dB frequency of between 10 and 
14 GHz in this type of mount.

The third mounting arrangement, shown in figure 4.1c, is well suited 
to coplanar20 and microstrip21 designs. The arrangement is most 
suitable where the detector is fabricated directly onto the substrate 
and the gap between the two lines is of the order of a few microns. The 
impedance presented to the photodiode is 100 £2. The high load impedance 
puts tight constraints on the device capacitance. The arrangement is 
also not reverse terminated and will present a poor match for reflected
signals. Biasing the device is simple and mismatches occuring at the
bias connection can be removed to outside the temporal region of
interest.

The fourth arrangement, shown in figure 4.Id, has the photodiode is 
placed across the transmission line. The diode is presented with a low 
load impedance of 25 £2 allowing a larger area device to be used. 
However the low load impedance will tighten the constraints on the
allowable mounting inductance if resonant effects are to be avoided. 
The bias supply must also be decoupled at two points, increasing the 
complexity of the design. This mounting arrangement is reverse 
terminated and will give a reasonable match for reflected signals.



4.3. CHOICE OF MOUNTING STRATEGY

Two suitable options for mounting the photodiodes have been chosen from 
an assessment of the advantages and disadvantages of the four circuit 
configurations. These are the hybrid approach (b) and the mount where 
the diode is placed across the transmission line (d).

Ground
planes

7 CentralN 
. electrode

Substrate Er =9.9
Figure 4.2. Balanced coplanar waveguide

The hybrid circuit offers the considerable advantage that the impedance 
presented to the diode can be tightly controlled. This would allow the 
series resistance to be optimised to maximise the frequency response 
but suppress resonant effects. Unfortunately the matching networks 
available in r.f. detector diode packages present an unacceptably high 
series resistance. The development of a specific thin film resistor 
network is feasible but beyond the scope of the current research.

Mounting the photodiode directly across the transmission line is 
feasible using the coplanar geometry, shown in figure 4.2. This has 
been chosen as the circuit arrangement for mounting the fast 
photodiodes.



4.4. CALCULATION OF THE COPLANAR WAVEGUIDE LINE IMPEDANCE

An approximation for the impedance of a transmission line can be 
calculated from the capacitance per unit length:

where ZQ is the impedance of the transmission line; €r is the relative 
permitivity of the medium; c is the speed of light and CQ is the 
capacitance per unit length of the line.

The capacitance of a balanced coplanar waveguide structure, shown in 
figure 4.3a, is determined by the substrate permittivity, the width 
of the central electrode (w) and the width of the gap (g) between the 
centre electrode and the earth planes.
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Figure 4.3* Conformal mapping to calculate the impedance of a coplanar 
waveguide

An elliptic integral conformal transformation22 can be used to map the 
fields in the upper half of the structure into the inside of a 
rectangle as shown in figure 4.3b. The points A1,B',C' and D' in the



rectangle correspond to the points A,B,C and D in the original 
structure. The problem is then converted to that of a simple parallel 
plate capacitor and therefore the impedance can be easily obtained. The 
analysis was later extended23 to allow for a finite thickness of 
substrate but this assumes that the electric field is completely 
confined within the dielectric layer. The impedance estimated by this 
method will therefore always be slightly lower than the true value 
because the electric fields will not be completely confined within the 
substrate. A fortran subroutine was used to perform the transform2*.

It is likely that the mismatch in the electric and magnetic fields at 
the interface between the coaxial and the coplanar lines will give rise 
to a much larger reflection than that caused by a simple impedance 
mismatch. t

4.5. Mkl PROTOTYPE COPLANAR MOUNT DESIGN

A prototype mount with a 25*4 mm long coplanar section was designed to 
test the performance of the mount/diode combination. The flip-chip 
mounting of the photodiode is shown in figure 4.4. The bias was 
decoupled using four low inductance 33 pF chip capacitors2 5.

Bond pads

Chip capacitors 
(ATC 113)

GalnAs
mesa

Diode chip

Coaxial line

Ceramic
substrate

To bias 
supply

Figure 4.4. Flip chip mounting of photodiode on a coplanar waveguide

Graded coaxial/coplanar transitions at either end of the mount were 
included to improve the impedance match. The width of the central 
electrode was chosen to match that of the inner of the SMA connector



(0.8 mm) The mount is shown in figure 4.5*

The mount was fabricated on a standard polished 0.025" ceramic 
substrate using a lift-off technique and subsequently gold plated to a 
thickness of 5 P* During the assembly process problems were 
encountered because the n- region of the diode became shorted to the 
coplanar inner connector. This was attributed to preferential plating 
at the edges of the coplanar lines. The short circuit problem was 
overcome by etching back the gold in the region under the photodiode to 
a thickness of 0.2 pm before assembly. This will locally increase the 
resistance of the inner by 1 - 2 £2. A photograph of the central section 
is shown in figure 4.6. The etched region is visible as a slightly 
darker portion of the central electrode.

A production diode was used to test the design. The chip design is the 
same as was used for the K133a photodiode described in the previous 
chapter. The device had a 45 pm diameter active area and a depletion 
width of roughly 2 pm at 25 V bias. The wide depleted region was caused 
by low doping of the n - type InP buffer layer.

The impedance characteristics of the coplanar mount were measured both
for the bare mount and for the diode and mount. The reflection 
coefficients (SX1) were measured using a Hewlett Packard 85IOA vector 
network analyser. The results, shown in figure 4.7. give a maximum 
value for the reflection coefficient of -17.5 dB for the mount alone 
and -10.7 dB for the diode and mount.

4.6. ASSESSMENT OF THE Mkl PHOTOTYPE COPLANAR MOUNTED PHOTODIODES

Two prototype mounts containing production diodes were made. One of
these devices became short circuit during preliminary testing but the
second device, designated CPW#2, functioned for some time. This diode 
eventually failed by becoming short circuit, drawing currents of 
several milliamps at 5 V bias. However, a considerable body of 
measurements were made by both time and frequency domain methods prior 
to the photodiode’s demise.

Measurements using pulsed semiconductor lasers

A Lasertron QLPX source at 1270 nm and an Optoelectronics PLS10 laser 
at 1146 nm were used, the two lasers produced measured responses of 
43 ps and 33 ps FWHM respectively when measured using the AT&T



Figure 4.5* Mkl prototype coplanar photodiode mount



Figure 4.6. Centre section of Mkl prototype coplanar photodiode mount
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Figure 4.7* Reflection coefficient of the mount and photodiode 

photodiode.

The PLS10 laser produces multiple pulses. The separation between the 
first two pulses is roughly 120 ps. This limits the time window that 
can be used for measurement. Figure 4.8 shows the response of the 
Plessey and AT&T diodes on a 50 ps/div timescale. The Plessey diode has



a longer fall time and little ringing is apparent from the trace. A 
summary of the results is given in table 4.1.

Table 4.1. Summary of the measured results at 1146 nm

Device Risetime (ps) Falltime (ps) FWHM (ps)

AT&T 29 20 34
Plessey 29 40 41

The long fall time of the CPW#2 device has been attributed to the wide 
depletion region. The short rise time and the absence of significant 
ringing suggests that the coplanar mount has a low inductance.

The QLPX source produces a single pulse with no appreciable secondary 
pulsing. A comparison of the measured responses of the AT&T and the 
CPW#2 devices is shown in figure 4.9*

Measurements using the pulse compressed YAG laser

The pulse compressed YAG laser system consists of a modelocked 
Quantronix laser operating at 1.06 pm and a fibre/grating pulse 
compressor supplied by Imperial College. The repetition rate of the 
modelocked pulses was J6 MHz with an uncompressed FWHM of approximately 
80 ps. The experimental layout is shown in figure 4.10.

Considerable difficulties were experienced with the YAG laser and as a 
result the pulse compressor was not ideally optimised. The unoptimised 
operation of the pulse compressor was such that only part of the energy 
in a pulse was compressed. The remaining fraction was broadened to form 
a wider pedestal. The optical pulse has been described by a simple 
model (equation Z ).



Figure 4.8. Measurement of the CPW#2 (upper) and AT&T (lower) 
photodiodes at 1146 nm



- CPW#2

- AT&T

Figure 4.9. Measurement of the CPW#2 (upper) and AT&T (lower)
photodiodes at 1 2 7 0 nm

I(t) = IQ(Axexp(-B1t2) + A2exp(-B2 t2)) (eq. 2)

where I(t) is the optical intensity in the pulse; IQ is the maximum
optical intensity; A and B are constants determined by a fitting 
process

Measurements of the power spectrum of the comb of harmonics using the 
AT&T photodiode show this effect clearly (figure 4.11). The modelled 
function was fitted to the results measured with the AT&T photodiode 
over the range 0 - 1 0  GHz. The best fit corresponded to a pulse with 
Gaussian components 9 PS and 145 ps FWHM with 65# of the energy in the 
shorter pulse. The rms error in the fit was 0.26 dB.

The response of the CPW#2 diode was measured and the results were 
corrected for the spectrum analyser sensitivity, variations of the
photocurrent and the modelled laser response shape, as shown in 
figure 4.12. The 3 dB frequency of this device has been estimated as 
10.8 GHz at 25 V bias.
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Figure 4.12. The corrected response of the Plessey CPW#2 photodiode 
using pulse compressed YAG laser pulses

Interpretation of the results

The results obtained for the CPW#2 device indicate a very low 
inductance for this mounting arrangement. An exact figure could not be 
obtained because the diode could not be modelled correctly. This is a 
considerable improvement over the 1.3 nH estimated for the coaxial 
mount.

4.7. DESIGN OF THE Hk2 COPLANAR MOUNT

A second prototype coplanar mount was designed using the knowledge 
gained with the Mkl design. The graded coaxial/coplanar transition was 
abandoned to allow the overall length of line to be minimised.

Two decoupling strategies were tested: the first used the millimeter 
wave chip capacitors as before, this design gives 6.6 mm as the minimum 
practicable length of line; the second decoupling strategy allowed the 
line length to be reduced to 3*05 mm. Single layer millimeter wave chip 
capacitors26 were mounted on their edge at the ends of the mount as 
shown diagramatically in figure 4.13* The inductance of this
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Figure 4.13. Decoupling arrangement using single layer 
mm-wave chip capacitors

arrangement should be very small but assembly is more difficult.
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The coplanar line was designed to have a target gap/width ratio of
0.4474, corresponding to a 5 0 2 line impedance on a ceramic substrate
€ = 9*9 • The width of the central electrode at the ends of the liner
was chosen to be 304 pm to suit the K connectors. The central electrode 
width at the diode mesa has been chosen to be 70 pm. This is 20 - 30 pm 
wider than the photodiode mesa to allow some device placement



tolerance. The taper from 304 ym to 70 ym central electrode width 
occurs over a 5 0 0 ym long section of line.

Figure 4.16. 6 . 6 mm long ceramic submount with chip capacitors and 
photodiode (photograph courtesy of Plessey Research Caswell)

The Wiltron K connector system has been adopted in preference to the 
SMA connectors previously used because the k connectors operate to a



higher frequency (46 GHz), giving the mount the potential for future 
development. The ability of the K connector system to be hermetically 
sealed is also of great importance because the devices are intended for 
eventual manufacture. Photographs of the mounted photodiodes are shown 
in figures 4.14 and 4.15.

The previous design suffered from short circuit problems caused by the 
fabrication process. The new designs are made using an ion beam milling 
process to overcome the shorting problem. The ceramic substrate is 
plated over the whole surface to a thickness of 5 The gold is then 
etched to leave the desired pattern. The finished result has smooth 
line edges that are free from the ridges associated with the lift-off 
and plating process. The smooth edges should also improve the loss 
characteristics of the coplanar line at high frequencies.

The Mk2 prototype mount was designed to be assembled in two stages: 
first the diode and decoupling capacitors were to be assembled onto the 
ceramic mount which would then be inserted into the mount. Photographs 
of the ceramic substrates with the photodiodes mounted are shown in 
figures 4.16 and 4.17*

The assembly proved to be difficult because of the small sizes involved 
and the restrictions imposed on the choices of solders available. The 
K connector beads were soldered into place using a 260°C solder and the 
submount was assembled into the mount using a l80°C fluxless solder. 
Two problems were encountered: firstly a good soldered connection
between the mount and the ceramic submount was difficult to obtain and 
secondly in at least one case the solder flow around the K connector 
bead was incomplete leading to failure of the K connector/central 
electrode connection. The former problem gave rise to ringing and some 
reflection of the electrical signals at the coaxial/coplanar 
transitions. The latter problem gave rise to large reflections due to 
the unterminated line.

4.8. ASSESSMENT OF THE Mk2 COPLANAR MOUNT DESIGNS

To assess the performance of the Mk II coplanar mount designs two 
optimised diodes were tested. The devices were measured using both time 
domain and frequency domain techniques. The AT&T photodiode was used as 
a reference for the time domain comparisons.



Figure 4.17. 3*05 mm long ceramic submount with photodiode
(photograph courtesy of Plessey Research Caswell)

Optimised photodiodes

Two 40 ym diameter diodes both from the same batch were used to assess 
the performance of the Mk II mounts. The diodes were grown by an 
atmospheric MOCVD process onto an unbuffered n InP substrate with a
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Figure 4.18. Measured C-V characteristics of the epitaxial layer

doping level of 1018 cm“3. The lattice matched GalnAs epitaxial layer 
had an unintentional background level of 1015 cm'3. The p-n junction 
was formed by shallow zinc diffusion giving a p* region roughly 0.3 P® 
thick. An unbuffered substrate was chosen to overcome problems caused V 
by the depleted region extending into the InP substrate. A C-V
profiling technique was used to determine the depletion width. The 
results are shown in figure 4.18 and indicate that the depleted region 
is roughly 0.95 P® wide and does not extend beyond the GalnAs/InP
heterojunction. Hie diode is a near optimum device design assuming a 
stray capacitance of ^0 fF and a mounting inductance of 200 pH.

The diodes mounted in the short and long coplanar mount variants have 
been designated 2#6 and 2#19 respectively. The breakdown voltage of 
these devices has been estimated as 15 V and good results have been 
obtained at 7*5 V bias corresponding to a peak electric field of
87 kV/cm. The diode leakage currents at 7*5 V bias, for the mounted 
chips, are about 10 nA indicating that the lattice match at the
GalnAs/InP interface is good. A plot of the leakage current 
characteristic of the unmounted diode chip is shown in figure 4.19* At
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Figure 4.19. Measured leakage currents for the 0.95 depletion 
width photodiodes

voltages above 15 V the rapid increase in the leakage is due to 
tunnelling currents which occur at electric fields in excess of 
150 kV/cm.
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Figure 4.20. Heterodyne measurement system used to characterise the 
Mk2 photodiode and mount



Heterodyne measurement of the diode performance

The layout of the beat frequency measurement system is shown in 
figure 4.20. The two optically isolated DCPBH structure distributed 
feedback lasers had 550 pm long cavities. The important parameters are 
summarised in table 4.2. The frequency stability of the beat was 
limited by the voltage stability of the commercial power supplies used 
to drive the lasers. The measurement system contained some poor optical 
splices and the maximum photocurrent that could be obtained with the 
40 pm diameter diodes was 36 pA.

Table 4.2. DFB laser performance parameters

DFB laser 1 2
Optical power into fibre 100 100 yW
Optical isolator performance >30 >30 dB
Linewidth 7 17 MHz
Temperature tuning 11 11 MHz/°C

The spectrum analyser was set to peak hold and the sweeping of the 
optical beat frequency was carried out by hand using temperature 
tuning. Figure 4.21 shows the results corrected for noise, amplifier 
gain, cable loss and spectrum analyser sensitivity, referenced against 
the sweeper response. The results have been edited to remove points at 
which very low measurements were made as these are not indicative of 
the device response. The results suggest a 3 dB frequency of 17 GHz 
which is lower than the value expected from the theoretical modelling 
results (22 - 27 GHz).

The diode 2#19 could not be measured satisfactorily because of a 
failure of the junction between the submount and the coaxial connector.

Assessment of the diodes using pulsed semiconductor lasers

The performance of the photodiodes were measured using three pulsed 
semiconductor lasers with nominal wavelengths of 1300 nm. The 
Optoelectronics PLS10 lasers at 1323 rim and 1324 nm produce multiple 
pulses, which limit the useful time window. The Lasertron source at 
1270 nm gives a wider pulse with no significant after pulses. One 
hundred averages were taken for each measurement to reduce the sampling
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Figure *4.21. Measured response of Plessey 2tt6 photodiode

noise and a zero subtraction was performed to remove any effects due to 
trigger breakthrough.

<- AT&T

Figure *4.22. Temporal response of Plessey 2#6 (upper) and AT&T (lower) 
photodiodes at 1 3 2 3 nm

The measured responses of the AT&T and Plessey diodes at 1323 nra are 
shown in figure *4.22. The more obvious feature is the difference in



the rise and fall characteristics of the two devices: the AT&T diode
has a slower rise and sharper fall which can be attributed to the 
higher series resistance and mounting inductance of this device.

<- 10 V

<- 7.5 V

Figure 4.23* Temporal response of Plessey 2#6 at 1323 n®. 7-5 V bias 
(lower) and 10 V bias (upper)

The response of the Plessey device biased at 7-5 V and 10 V, 
corresponding to peak internal fields of 87 kV/cm and 112 kV/cm
respectively, are shown in figure 4.23. No appreciable difference can
be seen between the two curves which suggests that any change in the 
the diode response is beyond the limits of the measurement system.

The responses of the two photodiodes measured at 1270 nm with the 
Lasertron QLPX system are shown in figure 4.24 for a 100 ps/division 
timescale. The difference in the ringing for the two detectors is 
apparent but more heavily masked by the longer pulse. It can be seen 
that the laser is almost free from secondary pulsing and that there are
no significant ringing effects for either device.

Measurements were made of both the Plessey 2#6 and 2#19 photodiodes at 
1323 nm. The 2# 19 device had a break in the connection between the 
coplanar submount and the K connector. This caused the signal to be 
reflected from the end of the line, rather than being properly 
terminated as shown in figure 4.25*

The 2#19 diode was returned to Plessey for repair. After the repair, 
the measured signal from this device was very similar to that of the
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Figure 4.24. Temporal response of Plessey 2#6 (upper) and AT&T (lower) 

photodiodes at 1270 nm

<- 2#19

<- 2#6

Figure 4.25. Temporal response of Plessey 2tt19 (upper) and Plessey 
2#6 (lower) photodiodes at 1 3 2 3 run

2#6 photodiode. Figure 4.26 shows the responses of the 2#19 (top), 2#6 
(centre) and AT&T diodes at 1324 nm. The bump in the response at 
approximately 5 0 ps after the main peak can be attributed to a poor 
reflection from the coax/coplanar interface.
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Figure *4.26. Temporal response of Plessey 2#19 (upper), 2#6 (centre) 
and AT&T (lower) photodiodes at 132*4 nm

Measurement of the electrical reflection coefficients

Measurements of the electrical reflection from both diodes were made 
using a Tektronix Time Domain Reflectometry system (TDR). The results 
obtained with the 2#19 device at 7 V bias are shown in figure *4.27. 
The two peaks corresond to the reflections from the transitions at 
either end of the mount. The central dip is due to the diode
capacitance. The reflection from the transition is approximately 10%. 
This is in broad agreement with the size of the reflection observed in 
the optical measurement (figure *4.26).

Measurements were also made of the reflections from the 2#6 device. In
this case measurements were made both with and without the photodiode
chip. The measured TDR signal with the diode is shown in figure 4.28. 
The removal of the diode chip did not significantly affect the measured 
peak signal. The photodiode chip was removed because the diode had
become short circuited. The results suggest a peak reflected signal of 
approximately 8#.

Interpretation of the measured results

It is clear from these results that a significant improvement of the 
coax/coplanar transitions is required in order to achieve the desired 
performance. The results from the heterodyne experiment showed that the 
diode had a significantly lower frequency response than the modelled
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Figure 4.27. Reflected signal from 2#19 diode measured by 

time domain reflectometry
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Figure 4.28. Reflected signal from the 2#6 diode at 7*5 V bias, 
measured by time domain reflectometry

results would suggest. The reason for this discrepancy is not fully 
understood. Two factors which may be responsible are the mounting 
inductance and the coax/coplanar transitions. The inductance of the 
mount may be too low. This would account for the longer fall time, 
compared to the AT&T device.



During the assembly, it was difficult to obtain a good electrical 
contact between the ceramic submount and the mount. The poor 
coax/coplanar transitions will give a frequency dependent reflection 
which will affect the overall performance of the mounted photodiode.

4.9. DESIGN OF THE Mk3 COPLANAR MOUNT

The previous generation of prototype mounts proved to be very difficult 
to assemble. The ceramic submount had to be inserted from the top and 
it was difficult to achieve a good soldered contact between the package 
and the submount. This was especially true for the shorter package 
design.

The mount was re-designed to overcome these faults and allow the 
submount to be inserted from underneath. This allows a good contact to 
be made between the package and the ground plane. A further advantage 
of this approach is that the diode position is well known, allowing the 
use of a passively positioned optical fibre to couple the light into 
the device. A photograph of the fibred and standard packages are shown 
in figure 4.29.

The bias decoupling arrangement and dimensions of the ceramic submount 
were identical to the 6.6 mm long device from the previous design, with 
an isolated section of the ground plane to provide the decoupling. In 
this version a different supplier of the decoupling capacitors was 
used.

Initial measurements of the device performance were made using a 
Heterodyne system described in paper 7 in appendix 2. This 
measurement system was subsequently greatly improved by using the 
rotating polaration heterodyne system described in part 1 of this 
thesis. The results measured for the 30 pm diode biased at 7 V are 
shown in figure 4.30, together with a measurement of the electrical 
coefficient for this device. The optical measurements (S21) contain 
uncertainties of greater than ±1 dB at frequencies above 20 GHz because 
the r.f. detector was uncalibrated. The frequency response of this 
diode is very ragged, suggesting some resonance problems in the mount. 
The 3 dB frequency is about 18 GHz which is similar to the results 
obtained for the previous design.

A measurement of the electrical return loss ( S 2 2 ) has been made at
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frequencies of up to 40 GHz. The results are also presented in 
figure 4.30;. The diode shows a number of sharp resonances, spaced at 
roughly 10 GHz intervals. These are believed to be caused by the 
isolated central section of the diode earth plane not being properly 
decoupled. The dips in the measured response correspond well to the 
package resonances. Therefore to improve the overall performance it 
will be necessary to suppress these resonances.
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Figure *1.30. Measured response of the 30 ym diameter diode at 1532 nm

4.10. CHAPTER CONCLUSION AND DISCUSSION

In this chapter the different strategies for mounting fast photodiodes 
have been considered and the development of a fast pin structure 
photodiode, suitable for use as a risetime transfer standard, has been 
described. The mounting arrangement in which the diode is placed across 
the transmission line maximises both the speed of response and the 
active area at the expense of some sensitivity. This design has been
chosen for the fast photodiode.

Three design iterations of the diode and mount have been described. The 
first design used an unoptimised diode mounted on a coplanar substrate. 
This device was rather slow because the photodiode had a wide depleted 
region. The process used to fabricate the coplanar line caused the 
diodes to become short circuit.

The second iteration produced successful devices with frequency 
responses of approximately J7 GHz for a *40 ym diameter device. This is 
believed to be the highest bandwidth reported for a device of this 
area. The problem of short circuits encountered in the previous
iteration was overcome by using an ion milling process to make the
waveguides. The edges of the waveguides were smooth and no longer 
shorted out the diode. The design of the mounts made them difficult to



assemble.

In the third iteration the package design was improved to ease the 
manufacturing problems. The devices of this design can be hermetically 
sealed and a fibre coupled variant has also been designed. The 
decoupling strategy chosen requires further attention as the device 
exhibits high Q package resonances. At the time this thesis was written 
these problems had not yet been overcome.



5. MICROSTRIP MOUNTED PHOTODIODE

5.2. INTRODUCTION

An informal project was undertaken in collaboration with British 
Telecom Research Laboratories to mount a research photodiode onto a 
commercially available microstrip test fixture and test the performance 
of the resultant device. The aim of the project was to evaluate both 
the mounting concept and to test the device.

5 .2 .  PHOTODIODE STRUCTURE AND MOUNT

The photodiode used for the experiment was a top light entry design 
with a 30 pm diameter aqtive area. The design of diode had been 
reported D Wake12,27.

The mount used a commercial K-connector microstrip test fixture with 
the photodiode in the centre of the line. The diode was connected to 
two decoupling capacitors (ATC111) on either side of the line by 
multiple bondwires, as shown in figure 5*1*

Bondwires

Central _ 
electrode

Bias

Photodiode 
active area

ATC 111
chip capacitor

Microstrip
line

Figure 5«1» Microstrip mount for BTRL GalnAs photodiode

This arrangement allowed the diode to be biased from an external supply 
without having to use a bias tee. The diode chip was larger than the 
width of the line and this may introduce some extra stray capacitance.



The use of a top light entry device potentially allows extremely high 
speed detectors, with bandwidths in excess of 40 GHz, to be realised 
because the active area can be reduced to 20 pm diameter or less. The 
main limitation to the speed of response will be the stray capacitance. 
In this design the stray capacitance is reduced by using a 
semi-insulating substrate.

5.3. MODELLING OF THE BTRL DIODE RESPONSE

The response of the top light entry structure was modelled at a 
wavelength of 1.5 pm to estimate the expected response. The thickness 
of the p* diffusion was not known but has been estimated to be 0.8 pm. 
This is thick compared to the Plessey devices and may lead to an 
increase in the response qt low frequencies. The depleted region was 
assumed to be approximately 0.8 pm thick. A contour plot of the 
modelled frequency response as a function of the mounting inductance is
shown in figure 5*2.
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Figure 5*2. Modelled frequency response of the diode

The optimum choice of mounting inductance will give a 3 dB frequency of 
approximately 26 GHz, assuming a stray capacitance of 50 fF.



5.4. ELECTRICAL AND OPTICAL MEASUREMENTS

The electrical reflection coefficient S22 of the photodiode was 
measured over the range ^5 MHz to ^0 GHz using a Hewlett Packard 85IOA 
vector network analyser. The results, shown in figure 5*3. indicate 
that this mounting scheme is free from high Q resonances.

O p t i c a l  r e s p o n s e  ( S 2 1 )

R e t u r n  l o s s  ( S 2 2 )

~ +  <— f-gfe-
F r »q  u e/Hp y , GHz

Figure 5*3* Optical response (1532 nm) and return loss measurements 
of the BTRL photodiode

Measurements of the bandwidth of this device were made using the 
rotating polarisation heterodyne system described in part 1 of this 
thesis. The results (figure 5*3) show that the diode exhibits some 
ripple in the response and has a 3 dB frequency of 20.5 GHz.

The measurements were made during the development of the system and no 
corrections were made for the electrical reflections between the 
photodiode and the measurement system. For this reason it is not clear 
whether the ripple in the result is due to reflections within the mount 
or between the measurement system and the photodiode. The speed of 
response is rather slower than predicted by the modelling. A possible 
cause of this discrepancy is that the stray capacitance of the mounting 
arrangement is higher than anticipated. Also, the series resistance in 
the device tested was higher than the value used in the model.
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5.5. SUMMARY AND DISCUSSION

A fast photodiode mounted on a microstrip line has been tested. The 
device showed a good electrical reflection performance and was free 
from high Q resonances. Measurement of the optical performance gave a 
3 dB frequency of 20.5 GHz, which was lower than expected from the 
modelling results. This device demonstrates that it should be possible 
to make very high bandwidth photodiodes, containing the bias circuitry 
and presenting an acceptable return loss to the measurement system, if 
the mount can be improved to reduce the parasitic effects.



6. CONCLUSION AND FURTHER WORK

In this part of the thesis the results of a collaborative research 
programme, to develop a fast photodiode for use as a reference device 
for high speed optoelectronic measurements, have been described. The 
aim of the programme was to produce a photodiode with a large active 
area, high bandwidth and good electrical properties that could be used, 
in conjunction with the techniques described in the previous two parts 
of this thesis, to characterise unknown devices.

The advantages and disadvantages of the two available diode structures 
were discussed in chapter 2. The main difference between the two 
designs is the direction from which the light enters the photodiode: in 
the first structure the light enters the device through the top contact 
and in the second structure the light enters through the substrate. A 
flip-chip mounted, substrate light entry device has been identified as 
offering the greatest advantages for this application.

A suite of programs to model the photodiode response was described in 
chapter 3. The aim of the modelling work was to identify the critical 
design parameters so that the photodiode structure could be optimised. 
A small signal model, based on a finite difference approach, was chosen 
to describe the flow of current in the photodiode structure. The 
results could then be used with a circuit representation of the device 
to estimate the overall response. The model was checked against the 
measured performance of a diode with a known structure. It will be 
necessary to re-check the model to improve its accuracy when new higher 
speed devices become available.

In chapter 4 the different strategies for mounting fast photodiodes 
have been considered and the development of a fast pin structure 
photodiode, suitable for use as a risetime transfer standard, has been 
described. The mounting arrangement in which the diode is placed across 
the transmission line maximises both the speed of response and the 
active area at the expense of some sensitivity. This design has been 
chosen for the fast photodiode.

Three design iterations of the diode and mount have been described. The 
first design used an unoptimised diode mounted on a coplanar substrate. 
This device was rather slow because the photodiode had a wide depleted 
region. The process used to fabricate the coplanar line caused the



diodes to become short circuit.

The second iteration produced successful devices with frequency
responses of approximately 17 GHz for a 40 pm diameter device. This is
believed to be the highest bandwidth reported for a device of this 
area. The short circuit problem encountered in the previous iteration 
was overcome by using an ion milling process to make the waveguides.
The edges of the waveguides were smooth and no longer shorted out the
diode. The design of the mounts made them difficult to assemble.

In the third iteration the package design was improved to ease the 
manufacturing problems. The devices of this design can be hermetically 
sealed and a fibre coupled variant has also been designed. The 
decoupling strategy chosen requires further attention as the device 
exhibits high Q package resonances. At the time this thesis was written 
these problems had not yet been overcome.

Chapter 5 described an informal project in collaboration with British 
Telecom Research Laboratories to mount and test a fast pin photodiode 
onto a commercially available microstrip test fixture. The resultant 
device had a 3 dB frequency of 20.5 GHz and was free from any high Q 
resonances. The frequency response was lower than theoretical 
predictions but this can be attribured to excess stray capacitance. 
This design of device offers the potential for photodiodes with 
frequency responses in excess of 40 GHz provided the mounting 
parasitics can be improved. This device demonstrated that a photodiode 
can be successfully mounted across a transmission line, thus gaining 
the advantages of improved speed of response and improved electrical 
reflection coefficient.

Future work

Future work will be required to make accurate estimates of the temporal 
responses of the high speed devices from incomplete measurement results 
and a knowledge of the device structure. The measurement results that 
can readily be obtained are the magnitude of the optical to electrical 
response (S21) and the vector electrical reflection coefficient (S22). 
This work will have applications in the areas of waveform metrology and 
picosecond electrical measurements.

Further work will be required to complete the photodiode project with 
Plessey. The package resonances present in the third design will have



to be overcome so that the device will be suitable for the reference 
application. Looking further ahead, it may be necessary to repeat the 
procedure and develop a photodiode and mount for use as a reference 
device at frequencies of up to 40 GHz.

The optoelectronic mixing effect predicted from the modelling results 
will have considerable potential for future frequency standards for 
coherent optical communications. It is hoped that a project can be 
started to develop devices with a good conversion efficiency for this 
application.
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CONCLUDING REMARKS

AIMS

The aims of the work covered in this thesis were threefold: to provide 
improved metrological techniques for the measurement of high bandwidth 
optoelectronic devices; to develop numerical methods which will 
increase the accuracy of the measured results; and finally, to develop 
devices which can be used as calibration artifacts to disseminate 
standards for temporal and frequency response measurements.

The first two of these targets have been successfully met. At present, 
the collaborative programme with Plessey to make the transfer standard 
devices is incomplete. However, the transfer standard principle has 
been successfully demonstrated.

ACHIEVEMENTS OF PART 1

The first part of this thesis was concerned with the development and 
assessment of accurate measurement techniques for optoelectronic 
devices.

In chapter 2, the comb harmonic method was used to measure the 
frequency response of an unknown photodiode at up to 18 GHz using a 
well characterised photodiode as a transfer standard reference. Over 
this frequency range the r.f. power in the comb drops by more than 
40 dB. The results were compared with measurements made using pulsed 
laser diodes and the same transfer standard reference. The two sets of 
results agree, to within the uncertainty limits, at frequencies of up 
to 15 GHz. This work illustrates the potential advantages of using a 
transfer standard photodiode as a reference device and is the first 
report of such a comparison.

In chapter 3, a comparison was made between three different heterodyne 
systems at 1.5 pm. The results indicated that a continuously tunable 
system is necessary for accurate device metrology. Potentially serious 
sources of systematic error were identified in conventional DFB based 
systems. This is believed to be the first report of such a comparison.

A heterodyne system using a novel detection scheme has been developed. 
A preliminary report of this new system has been presented at an IEE 
colloquium 1 . The system has been used to measure photodiodes at up to



40 GHz and a dynamic range in excess of 20 dB has been demonstrated. 
This new system represents a significant advance in optoelectronic 
device metrology as it is less sensitive to optical feedback and has a 
wider dynamic range than conventional techniques.

A new Vector Heterodyne system to measure both the magnitude and the 
phase responses of an unknown detector has been demonstrated. The 
measured results have been compared with magnitude and phase responses 
obtained by the deconvolution of time domain measurements. This system 
has the potential for operation to considerably higher frequencies than 
is possible with other techniques. This is the first report of both the 
measurement system and the comparison.

A second new Vector Heterodyne system, based on aco u s to -o p tic  

m odulators, has been proposed. The principle of operation of the system 
has been described.

In chapter 4 a system based on In te g ra te d  O ptic  Modulators was 
demonstrated. This new system has been reported as both journal2 and 
conference3 papers. The system, based on a nominally 8 GHz modulator, 
gives a continuously tunable, levelled, modulated optical signal of 
4 pW at up to 22.6 GHz. The technique has the potential for operation 
to 40 GHz using commercially available equipment.

In chapter 5, correlation techniques were reviewed and the difficulty 
of extracting the photodiode response from a waveform, measured with a 
sampling oscilloscope, was shown. A measurement system based on r.f. 
autocorrelation was demonstrated. The bandwidth of the system tested 
was approximately 40 GHz. This technique is an advance for 
optoelectronic device metrology as the equipment used is inexpensive 
provided that a suitable source of picosecond optical pulses is 
available. This is believed to be the first report of electrical 
correlation methods being used to measure the response of an 
optoelectronic device.

The r.f. correlation technique can be extended to provide jitter-free 
cross-correlation measurements. The temporal response of the unknown 
device can be determined using the response of the transfer standard; a 
measurement of the autocorrelation response of the transfer standard; 
and a cross-correlation measurement of the transfer standard and 
unknown devices.



Techniques to improve the accuracy of frequency domain measurements 
have been described in chapter 6. Results, measured at up to 40 GHz, 
show that the smoothness of the measured response can be considerably 
improved by the application of this new procedure. The first report of 
this method was given recently at an IEE colloquium1. The improvement 
in measurement accuracy is typically fourfold, representing a 
significant improvement in the optoelectronic device metrology.

The first report of an informal international intercomparison of 
frequency response measurements has been presented in chapter 7* Three 
different techniques were compared and the results agree typically to 
within ±1 dB. This comparison conclusively demonstrated the advantages 
of using the error correction procedure described in chapter 6.

ACHIEVEMENTS OF PART 2

The second part of this thesis was concerned with the development of
numerical techniques to improve the accuracy and interpretability of
the measured results.

The different deconvolution strategies were described in chapter 2 and 
the significance of the filtering function was discussed. An optimal 
deconvolution method has been described. This new method allows devices 
measured using different laser systems to be compared. The technique 
has been extended to allow many sets of measurements to be combined to 
give a single result. These methods will improve optoelectronic device 
metrology as they can be used to de-embed the device response from the
measured results. This is the first report of these deconvolution
methods.

In chapter 3 the effects of noise on a sampling system were discussed 
and the distortion introduced by J i t t e r  was described. The effects of 
noise and jitter on the variance of the measured signal were presented. 
The expected responses of a sampling system to a signal with noise, 
jitter, amplitude dependent noise and amplitude dependent jitter added 
were demonstrated using simulated data. The results show distinct 
patterns for the mean, the variance and the raw data. This may assist 
users to estimate the characteristics of the noise in their measurement 
systems.

A numerical algorithm to reduce or remove the effects of jitter has 
been developed. This new method requires the measurement of both the



mean and the variance of the signal at each temporal point. The 
algorithm has been tested using data containing simulated jitter. The 
error between the original signal and the jittered signal after 
processing was small. This is the first report of this new strategy to 
remove jitter from measured signals.

Techniques were presented to measure jittered signals using the first 
generation (analogue) and second generation (digital) sampling 
oscilloscopes. The limitations of the measurement systems were 
discussed. Results have been presented using both measurement methods. 
The quality of the fit between the measured and calculated variances 
was extremely high for measurements made using the analogue sampling 
oscilloscope system.

The techniques reported in this part of the thesis can be used to 
overcome the effect of jitter which is a serious measurement problem 
occurring on a picosecond timescale. This work therefore represents a 
considerable advance for optoelectronic and electrical waveform 
metrology.

ACHIEVEMENTS FOR PART 3

In this part of the thesis the results of a collaborative research 
programme, to develop a fast photodiode for use as a reference device 
for high speed optoelectronic measurements, have been described. The 
aim of the programme was to produce a photodiode with a large active 
area, high bandwidth and good electrical properties. Such a device 
could be used, with the techniques described in parts 1 and 2 of this 
thesis, to measure unknown device responses. The concept and 
application of a photodiode as a transfer standard for frequency or 
temporal response measurements was first published by this author4.

A suite of modelling programs, described in chapter 3, has been 
developed to allow the diode design to be optimised. These modelling 
programs were designed to be fast and flexible, so that a number of 
parameters could be varied without incurring large cost penalties. The 
accuracy of the model was checked against the measured performance of a 
photodiode with a known structure. This work was reported as both a 
journal paper4 and at an IEE colloquium5.

Three iterations of the device design cycle have been described. 
Devices produced in the second iteration have frequency responses of



approximately 17 GHz for a 40 pm device. This is believed to be the
highest bandwidth reported for a device of this size.

An informal collaborative project with British Telecom Research 
Laboratories, to mount a fast pin photodiode in a microstrip holder, is 
described in chapter 5* The resultant device had a 3 dB frequency of 
20.5 GHz and was free from any high frequency resonances. This mounting 
strategy offers the potential for the development of photodiodes with 
frequency responses extending to above 40 GHz.

FURTHER WORK

The planned future work falls into four main catagories: the
improvement of techniques and measurement systems described in this 
thesis; the comparison of different measurement techniques; the 
development of techniques to accurately estimate the temporal response 
of the transfer standard photodiodes; and the provision of future 
standards for the next generation of fibre optic systems. The first of 
these topics is adequately covered in the appropriate chapter 
conclusions and will not be discussed further.

An international round-robin of photodiode frequency response 
measurements has been planned. This will allow a compaison to be made
between a variety of different measurement techniques and may identify
some systematic errors in the methods used. Two GalnAs diodes will be 
circulated to each of the eight participating establishments in turn. 
The measurements are expected to take eight months to complete and 
should be finished by September 1990. This work will provide valuable 
data on the current state of the art in optoelectronic device 
metrology.

At present the temporal response of the transfer standard photodiode is 
estimated on the basis of a simple device model. The procedure to 
improve the accuracy of frequency response measurements (|S21|), 
described in part 1, chapter 6, also provides a measurement of the 
photodiode return loss (S22). It should be possible to use these data 
to improve the device model and thus more accurately estimate the phase 
of the optoelectronic response.

The future optical fibre communication systems may use coherent 
techniques. These are akin to superheterodyne reception but at optical 
frequencies and using an optical local oscillator to recover the



signal. Coherent communication gives an increase in the sensitivity of 
a system and also allows a number of channels, at different 
wavelengths, to be used in the same optical fibre. These new techniques 
will require the provision and dissemination of accurate frequency 
standards so that the frequencies of the different optical transmitters 
can be locked together. Some preliminary work has been performed to 
develop optoelectronic mixing devices6 which could be used to 
accurately disseminate the frequency standards. A programme of work is 
planned to develop these optoelectronic mixing devices as a 
metrological tool. The work will build on the modelling and measurement 
techniques presented in this thesis.
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APPENDIX 1:ADAPTIVE TIME-DRIFT COMPENSATION

In this analysis the Adaptive time-drift compensation technique 
(H Meckleburg and K Matkey1) has been extended to allow an improved 
estimate for the drift parameter and to give the uncertainty of the 
parameter.

A delay in the time domain corresponds to a multiplication by a phase 
shift term in the frequency domain as shown in equation Al.l:

where t is the delay parameter.

By comparing the phases of the reference and delayed signal at one 
harmonic an estimate can be made for the delay. However the time range 
within which the delay t is uniquely calculable decreases with 
increasing frequency. The range of unique values of t is given by 
equation A1.2:

where T is the period of the deconvolved results; and n is the harmonic 
number.

The delay t is uniquely calculable over the full period for only the 
fundamental frequency (n=l). If the phase differences between 
successive harmonics are compared (equations A1.3 and A1.4), instead 
of the absolute phase, then the delay t will be unique over the full 
period T as shown in equation A1.5*

f(t-T) -> F(jw) exp(-jo)T) (eq. Al.l)

(eq. A1.2)n n

= iAo)T (eq. A1.3)

î + i " = (i+l)Ao)T (eq. A lA )

where 0 and 0 are the phases of the unknown signal and the reference 
respectively.



Aojt = A0 - AQ (eq. A1.5)

If the delay is calculated from the phase shift at a single pair of 
frequencies then the uncertainty in the delay due to noise cannot be 
estimated. The analysis can be extended to use all the measured data. 
This will improve the accuracy of the calculated delay and give a 
figure for the uncertainty. The complex exponential corresponding to 
the delay is given by equations A1.6 and A1.7 for the signal and 
reference:

exp(-jAa>0) = |b1 + 1b7"| 0̂q‘ A1*^

a1+1a;
exp(jAa>0) = IaT T aTI 8̂q* A1‘̂

where A is the signal; and B is the reference. 

The delay correction is given by equation A1.8:

e,
Aj^AlBl^B, 
Ai +1 AiBj + 1Bi (eq. A1.8)

where ©i is the delay correction.

If the delay correction parameters Gj for each of the harmonics are 
summed with a weight proportional to the product of the magnitudes of 
the components the mean phase shift will be given by equations A1.9 
and A1.10. The sum of the weighting parameters is greater than 
unity so that the magnitude of 9 will be one.

_  n  -  1© = E Ki Qi (eq. A1.9)i = 1where
I Ai +1 AiBi + ĵBĵ |

K. =   (eq. A1.10)

j  = 1



The variance of the delay correction parameter gives the uncertainty of 
the delay correction calculations. This is given by equation Al.ll:

of = — —  ----------------- 2
Aj + jAjBj +1Bj |

(eq. Al.ll)

where o f is the variance of the delay correction parameter.
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APPENDIX 3: ERRATA

Page 43. The first sentance of section 3*6. should read 'A beat 

frequency measurement system c o n s is tin g  o f  two e x te rn a l c a v ity  lasers  

was used to  measure the performance o f  two GalnAs h igh  speed 

photodiodes.'.

Page 63. In figure 3*27» the optical attenuator to balance the r.f. 
powers is not shown. This attenuator was placed in series with the 
19 GHz monitor photodiode.

Page 96. In paragraph 3, line 4, the sentance 'transform ed to  the  

frequency domain and deconvolved' is superfluous.

Page 124. Figure 2.2 shows a photographic record of the photodiode 
response with a FWHM of 62 ps. The digitised and stored record for the 
same device was 65 ps FWHM as described in the text.

Page 124. Figure 2.3 shows the results of the forward convolution 
method on measurements made with an 898 nm laser diode, not the 85O nm 
device described in the text. The numbers in both sets of results (i.e. 
in the text and in the diagram) are self consistant.

Page 214. Section 3*8 (Chapter conclusion) refers to both chapters 2 
and 3*


