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A bstract

This thesis considers the use of optical control techniques for phase locking of
microwave and millimetre wave oscillators. Optical control functions provide a
convenient means of controlling high frequency circuits. With the increasing
importance of optical techniques in signal distribution applications, there is further
advantage to be gained from the use of optically controlled devices as optical-toelectrical transducers.
The optical phase locking systems considered are optical injection locking and
optical frequency tuning within a phase locked loop. A third system, applying a
combination of optical injection locking and optical frequency tuning within a
phase locked loop, is considered in detail for the first time. General analytical
models for the systems are derived and used to compare the operation. The
analysis is effective in deriving new results for the effects of loop delay and
differential phase in the novel optical injection locking/phase locked loop
combination. Practical systems are demonstrated, employing an optically
controlled 1.5 GHz MESFET oscillator. The results of optical frequency tuning
and optical injection locking effects are presented, including a frequency tuning
modulation response up to 100 MHz, and optical injection locking ranges up to 2
MHz. Measurements performed on the optical phase locking systems confirm the
validity of the analysis.
The practical implementation of optical phase locking systems is discussed. The
analysis shows that phase locked loop bandwidths in excess of 100 MHz are
feasible with a moderate optical tuning sensitivity of 10 MHz/mW. The
performance of practical systems, however, may suffer from limited tuning
modulation bandwidths, frequency tuning range, and poor tuning linearity that are
characteristic of some optically tuned oscillators. Optical injection locking is
dependent on the operating conditions of the oscillator, and this restricts its
application, and that of the combined injection locking/PLL system. Fractional
locking bandwidths of up to 1% with a few mW of optical signal power are possible
with present devices. Improvements in device design for optical access may allow
bandwidths of several hundred MHz in millimetre wave oscillators.
The novel optical phase locking schemes are considered as receivers for
microwave modulated optical signals in a distribution network for a phased array
antenna. Detailed consideration is given to the relative merits with respect to
conventional receivers, and the impact of the application of the techniques on the
phased array antenna design. The results show the potential for useful
performance of optically phase-locked oscillator receivers in applications at
millimetre wave ranges.
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Chapter 1
I n t r o d u c t io n a n d o v e r v ie w

1.1 I n t r o d u c t i o n
Optical control techniques are potentially useful for the control of microwave and
millimetre wave circuits. The optical interface allows the control signal to be
introduced simply and conveniently without parasitic effects and problems of
signal isolation associated with electronic control. In addition, with the increasing
importance of optical techniques for signal distribution, there are considerable
attractions in employing optically controlled components to interface between
electrical and optical domains.
Photoeffects have been studied in most microwave components used today. The
basic process is one of photon absorption and consequent free carrier generation
in the regions of the semiconductor exposed to the illumination. Optical control
occurs when the photosensitive component is incorporated into a circuit. A
number of optical control functions have been demonstrated. These include
amplitude modulation in microwave amplifiers and oscillators, frequency
modulation and injection locking in microwave oscillators, phase shifting, opto
electronic mixing, and various switching functions in microwave transmission lines.
Impetus for research into optical control in recent years has come from the
development of phased array antennas and the use of optical fibre microwave signal
distribution networks. Modem phased array antennas are complicated microwave
structures with complex and demanding signal distribution requirements. The
distribution role is well suited to optical fibres which are relatively small and
lightweight compared to conventional microwave waveguide or coaxial
transmission lines, and offer immunity from electromagnetic interference [1][2][3].
In recent years two arrays using microwave optical fibre distribution networks have
been demonstrated [4][5].
Concepts for optical fibre networks have developed from the simple distribution
role to optical fibre processing techniques. Optical fibres can be used in true-timedelay beamforming networks [6][7][8] which match the time-of-arrival of the beam
at a defined angle. Parallel processing has also been proposed as a means of
calculating the amplitude and phase weights at the elements [9]. Simple
experimental schemes have been demonstrated [10].
Optical control is an elegant means of interfacing between the optical and
electrical domains. Conventional reception techniques rely on photodetection and
subsequent electronic processing. Use of optical control therefore enables
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reduction in the number of components at each element. The simplification and
cost reduction to the overall array with element numbers of several hundreds or
thousands can be substantial.
Baseband optical control of gain and phase [11][12] has been studied specifically
towards the development of optically controlled microwave monolithic integrated
circuits. However there is most benefit in the reception of the microwave
modulated optical signals which are difficult to process electrically. Work has
been performed on microwave opto-electronic mixing [13] [14] [15] to enable the
direct use of optical microwave local oscillator signals. Another technique, which
is the subject of the present work, is the use of optically phase locked microwave
oscillators for microwave optical signal reception [16][17]. Optical injection
locking has attracted most interest, however other methods of optical phase
locking include phase locked loops employing optical frequency modulation [18],
and a novel method of closed loop optical phase and frequency control
[19][20][21]. These systems will be introduced in more detail below.

1 .2 O p t ic a l PHASE LOCKING SCHEMES

Optical control techniques can be usefully applied to phase locking of microwave
oscillators in situations in which electrical control is difficult. The use of optical
control signal offers infinite isolation of the oscillator circuit and therefore avoids
all parasitic effects from bias supplies and electrical contacts associated with the
control signal introduction. Consequently optical control will be a strong
candidate for very high frequency applications at which these effects are important.
There are three basic functions available for the optical control of solid state
oscillators which provide the building blocks for optical phase locking schemes.
These are illustrated in Fig. 1.1.
a)

Amplitude switching. Under certain conditions the illumination can
enhance or quench the oscillation.

b)

Frequency tuning. The illumination intensity causes a change in the
condition for oscillation which results in a shift in the oscillation frequency.
This change is often accompanied by a small change in output power.
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Fig 1.1 Optical control of microwave oscillators: (a) optical switching
(b) optical frequency tuning, (c) optical injection locking,
(after S eed s and de Salles, [44])
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Optical injection locking. Modulation of the illumination results in
modulation of the photoeffects operating within the device. Intensity
modulation at a frequency close to the free running oscillation frequency or
a subharmonic can achieve optical injection locking - that is the locking of
the oscillator frequency to that of the microwave intensity modulated
optical signal.

1.2.1 Phase lock loop schemes and ii^ection locking
An established technique for phase locking of oscillators at all frequencies is by
phase locked loop (PLL). This is basically a feedback control loop which controls
the frequency of an oscillator such that its output phase tracks the phase of an
injected signal. Optical control of the microwave oscillator can be substituted for
the electronic frequency control. Additional components are required, firstly to
generate the optical controlling signal, for example a laser or light emitting diode
(LED), and secondly to optically couple the light into the oscillator. The proposed
loop is shown in Fig 1.2. Other components of the loop are unchanged. The
advantages rest entirely in the relative merits of optical tuning compared to
electrical frequency control. Important parameters requiring consideration are the
maximum optical tuning range, the optical tuning modulation bandwidth, tuning
sensitivity and linearity; all of which impact on the performance of the phase
locking system. Phase locked loops using optical frequency modulation have not
received much attention, and this is reflected in the current lack of information
referring to the characterisation of optical frequency tuning effects.
Optical injection locking offers another method of phase locking by purely optical
means. This approach differs fundamentally from the PLL above in that locking
occurs to an optical signal. Therefore it is more useful for applications in which
the locking signal received is in the optical domain already. The locking is a
fundamental optical control function and therefore no further components are
necessary. Compared to the PLL approach, locking is achieved conveniently and
simply.

1.2.2 Optical phase and frequency control
In practice, optical control of the phase and frequency of a microwave oscillator is
a hybrid optical control function derived from the effects of optical injection
locking and optical frequency tuning. A fundamental characteristic associated with
injection locking is a pKose e r r o r keTu/een iKe locked oscilUlor aM th e
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injected signal. The phase error is dependent on the ratio of the frequency
difference between the injected signal and the free running oscillation frequency,
and the injection locking range. Following Adler [22] it can be expressed in the
form;

- sin

1 [ü>
£ - wJ
-I
L

where
is the static phase error,
oscillator and injected signal, and

J

1.1

and u>^ are the angular frequencies of the
is the optical injection locking range.

Frequency control of the oscillator is achieved by changing the injected signal
frequency. Phase control is achieved by using the optical frequency tuning
sensitivity to tune the oscillator free running frequency and therefore change the
static phase error according to Equation 1.1. Phase control by this method has
been demonstrated in the optical phase modulation at 500 kHz with 78.8° peakpeak phase variation of a 7.2 GHz MESFET oscillator [23]. The oscillator phase
was controlled by varying the mean intensity of the optical injection locking signal.
The system can be converted to operate with closed loop control of the phase by
sensing the phase error and feeding back to the frequency tuned oscillator Fig 1.3.
The resulting system can be considered from two perspectives. From the point of
view of injection locking, the feedback path, which operates as a phase locked
loop, stabilises the system by reducing drift in the oscillator free running frequency.
It also enables the injection locked oscillator to track frequency variations in the
injected signal.
An alternative perspective considers the system as fundamentally a phase locked
loop employing optical frequency modulation but with an additional link resulting
in simultaneous injection locking. The injection locking effect provides a
wideband gain in addition to the gain of the PLL and therefore can be used in the
system design to reduce the requirement for the latter.
Closed loop systems of this type have been demonstrated in the electrical domain.
Initial reports considered its use for phase stabilisation in the injection locking of
noisy high frequency oscillators [24] [25]. Characterisation of the system has been
limited to calculations of the small signal transfer functions under ideal conditions
[26][27].
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13 P h a s e lo c k e d o s c i l l a t o r o p tic a l re c e iv e rs
Optically phase locked microwave oscillators can be used for the reception of
microwave intensity modulated optical signals. Conventional reception methods
employ photodiodes to convert to the electrical domain and subsequent electronic
amplification. The phase locked oscillator acts as a photoreceiver with high
narrowband gain and high output power. It therefore not only replaces the
photodiode but also a large number of amplification stages, Fig 1.4.
As discussed above, an important application for optically phase locked oscillator
receivers is in phased array antennas. Phased array antenna design has tended
towards so-called active systems in which active solid state devices, located at the
elements in the array aperture, provide the power to the transmit beam and
amplification to the receive signals prior to summation. The microwave signals
required to correlate the phase of the signals at the elements across the aperture
can be distributed by optical fibre network. Therefore it is necessary to receive the
microwave optical signals with high phase accuracy at each element of the array.
The simplification offered to microwave optical signal reception by direct optical
phase locking is highly desirable to the phased array anteima as this has the
potential to substantially reduce system costs.
Conceptually optical injection locking is the simplest method of phase locking a
microwave oscillator to an optical signal. Consequently this has attracted most
attention. Direct optical injection locking in microwave oscillators has been
demonstrated in IMPATT [28], MESFET [29], HEMT [30] HBT oscillators [31].
The simultaneous direct optical injection locking of two MESFET oscillators also
has been demonstrated [16]. Indirect injection locking has been studied for the
reception role [17]. However, indirect injection locking is performed by
conversion from an optical to an electrical signal by photodiode and then electrical
injection into the oscillator circuit. As such injection locking is not optical - the
locked oscillator is used simply as a very high gain narrowband amplifier.
The phase error associated with injection locking and its dependency on the free
running oscillation frequency is a major limitation. Variations in free running
frequencies of the oscillators located in the elements will result in phase errors
when the oscillators are locked to a common phase reference. Furthermore,
variations in temperature cause an oscillator to drift in frequency. Therefore
temperature gradients will generate a spurious phase ramping effect across the
array aperture. The phase errors fluctuations resulting from frequency drift can be
large - up to 90° - unless the optical injection locking range is considerably larger
than the expected variation in oscillator frequency.
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Closed loop systems such as the phase locked loop, and the combined optical
injection locking and phase locked loop system, have the ability to reduce the static
phase error to zero. The application of conventional phase locked loops to phased
arrays and, in particular, the use of phase locked solid-state microwave sources to
obtain high power gain with few active devices was considered by Austin [32].
Wideband loops for high speed acquisition intended for pulsed operation in
phased arrays also have been developed [33]. As a result, the optical techniques
and closed loop optical phase locking schemes discussed above are appropriate for
optical signal reception.

1.4 C o n t e n t s
The present work sets out to consider the three optical phase locking systems from
both an analytical and an experimental perspective. The results enable a
comparative assessment of the practical application of the three phase locking
systems. The application of the phase locking systems to the reception of
microwave optical signals, specifically in phased array antennas, will be considered
and compared to the alternative conventional techniques.
Chapter 2 reviews the techniques for optical control of microwave oscillator
circuits. The principal mechanisms causing the optical control effects are
explained and the relative sensitivity of the optical control effects to the control
signal magnitude discussed. The scope of the review covers the optical control
functions of amplitude modulation, frequency modulation and injection locking.
Oscillator control by both direct and indirect optical control are discussed. Direct
optical control is performed by direct illumination of the active device in the
oscillator circuit: examples of control in both two and three-terminal devices are
described. Indirect control is achieved by incorporating a discrete photosensitive
component into the oscillator circuit.
Chapter 3 presents an analytical model for the three phase locking systems
introduced in Section 1.2. The analysis is presented in general terms and therefore
is appropriate for systems employing both optical and electrical control techniques.
The model is based on small signal phase locked loop analysis and enables direct
comparison of the systems and also a convenient means of system design. In
addition practical differences which distinguish the three systems are discussed.
Chapters 4 and 5 present experimental work based on the optical control of a 1.5
GHz MESFET oscillator and include the description of the first demonstration of
optical phase locking by a combination optical injection locking and an optical
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phase lock loop. Chapter 4 concentrates on characterisation of the photoeffect
and optical control functions. TTie results of the characterisation are compared to
other published examples. Effort is made to identify the principal mechanisms in
action, particularly in affecting the oscillator frequency control.
Chapter 5 describes experiments investigating the optical phase locking systems.
The systems are assembled using the details of the control function
characterisation in Chapter 4. The results firstly confirm the validity of the
analytical model of Chapter 3 and secondly demonstrate practical effects predicted
involving delay effects and stability conditions.
Chapters 6 and 7 consider the practicalities of optical phase locking systems.
Chapter 6 considers the three systems separately, drawing comparisons where
possible. For each a quantitative estimate, based on the review and experimental
results, is made considering the available performance under ideal conditions.
Then limitations that are likely in practice are discussed qualitatively.
Chapter 7 assesses the use of optically phased locked oscillators as receivers in
optical fibre distribution networks specifically appropriated for the phased array
antenna application. Phase locked oscillator receivers are considered for the
reception of narrow bandwidth high frequency phase reference signals. A link
budget calculation is made estimating the maximum number of oscillators that can
be phase locked by the various phase locking systems and by a single optical signal
transmitter via an optical fibre distribution network. The results are compared to
the performance of a conventional receiver using photodetection at a photodiode.
The practical aspects of the optically phase locked oscillators and the conventional
receivers based on a photodiode and amplifier cascade are then discussed.
Finally Chapter 8 summarises the main points of the previous chapters.
Conclusions are drawn and suggestions for further areas of study made.

C hapter 2

O p t ic a l c o n t r o l o f m ic r o w a v e a n d m il l im e t r e w a v e o s c il l a t o r s

2.1 I n t r o d u c t i o n
Optical control is important in providing an alternative to conventional electrical
techniques for the control of high frequency circuitiy. This chapter reviews the
techniques for optical control of microwave and millimetre wave oscillator circuits,
discussing the mechanisms for the optical control and the performance
demonstrated.
The discussion below is divided into two sections, concerned with direct and
indirect optical control techniques. Optical control of microwave and millimetre
wave oscillators can be performed by direct illumination of the active device in the
oscillator circuit. Photon absorption and free carrier generation within the device
causes changes in the operation and therefore in the oscillation amplitude and
frequency. Similar control effects can be achieved by illumination of other
photosensitive components incorporated into the oscillator circuit. This latter
method is referred to as indirect control since the active oscillator device is not
directly affected.
Chapter 1 discussed the principle optical control functions available for the control
of solid state oscillators. Interest is mainly with optical frequency modulation and
optical injection locking for phase locking applications. However amplitude
modulation is often associated with the illumination effects and so is also
considered below.

2.2 D i r e c t OPTICAL CONTROL
A recent book [34] reviews direct optical control and most of the recent
publications on the subject. Below, the main points are described with the
objective of conveying some feel for the control sensitivity that has been
demonstrated, and that which is likely in the future.
The mechanism of the optical control effect is device dependent and therefore it is
sensible to divide the discussion along device lines.
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2^.1 PhotoefTects and wavelength dependency
Photoeffects in semiconductor devices depend on photon absorption and
subsequent electron-hole pair generation. The requirement for an absorption
event is that the photon energy must exceed that of the semiconductor bandgap.
This introduces some wavelength dependency.
The absorption can be
characterised by the absorption coefficient a, which is used to express the decay in
photon flux density with penetration depth, x:
2.1

p (x ) - p ( 0 ) .e x p [ - a x ]

where p(x) is the optical flux density x. The absorption edge refers to the
illumination wavelength corresponding to the band-gap energy. Illumination with
a wavelength longer than the absorption edge value will not be absorbed.
Table 2.1 shows the absorption parameters in various semiconductors. For
wavelengths of less than 900 nm, most show some absorption. The longer
wavelengths at 1.3 pm and

Table 2.1(a)
a absorption coefficient (m*^)
semiconductor

826 nm

1.26 pm

1.55 pm

Si
Ge
InP
GaAs

1.9 X10*
4.53 X 10*
3.09X 10*

8.20 X 10*

4.6 X 10*

1.1 X 10*

—

—
—

[351

Table 2.1(b)
composition
X

y

absorption
edge 300 K
(pm) [36]

Ga^^Ini _^ A S y P ^ _y
0
0

0.16
0.33

0.27
0.60

0.40
0.85

0.47
1.0

0.92

1.12

1.30

1.55

1.65

Table 2.1 (a) The absorption coefficient a where p(x) = p(0).exp[-ax] and p(x) is
the optical flux density at penetration depth x. (b) the absorption edge in
GaAs/InP alloys (wavelength corresponding to the bandgap energy).
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1.55 /iin are used in optical fibre transmission systems due to their low attenuation
in optical fibre. However absorption at these wavelengths is limited to a few
GaAs/InP alloys.

2J22 Gunn diode oscillators
Most work on the optical control of Gunn diode oscillators to date has been
experimental, with a wide range of effects observed [37,38,39,40]. A theoretical
framework describing the photoeffects in a Gunn diode is yet to be developed.
222.1 Frequency tuning and amplitude switching
Illumination was shown to enable oscillation in a normally-off GaAs Gunn diode
[37]. The diode was biased just below threshold. On illumination, the optically
generated plasma causes a local decrease in electric field strength and this
enhances sufficiently the field strength elsewhere to trigger the dipole domain
oscillation current. The low-field plasma region also acts as a virtual anode for the
domains. The position of the optical focus was observed to determine the
oscillation period allowing frequency tuning between 6.7 and 10 GHz. Pulsed
illumination with 610 nm wavelength and pulse duration and energy of 3 ps and 1
pj (333 mW peak power) triggered bursts of oscillation from the diode. The burst
duration increased with nsing optical pulse e n e r ^ ^ 4 ns duration with optical
pulse energ»«iof osTpTanj
r^ecr.vei^ . This effect is associated with the finite
lifetime of the induced plasma.
2 2 2 2 Trap effects
The presence of traps greatly affects the optical response and causes widely
differing effects. Under low trap concentration, the illumination causes a general
smoothing of the carrier density and this results in a narrowing of the oscillation
spectrum [38]. With high concentration, the illumination results in an emptying of
the deep traps and, to the extent of spatial fluctuations in trap concentration, an
increase in the field fluctuation. In this case illumination causes the oscillation
frequency to increase [39]. Trap effects probably are the cause of the long time
constants, of the order 100 ns, that have been observed in response to illumination
[40].
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22.3 IMPATT diode oscillators
Illumination and photon absorption in an IMPATT diode affects the minority
carrier concentration. This adjusts the rate of avalanche build up and therefore
the magnitude and phase of the induced current in the oscillator circuit. Hence
illumination can cause frequency tuning, amplitude modulation, and amplitude
switching in an IMPATT diode oscillator.
The photoeffects have been studied by analytical methods [41] and large signal
time domain computer models [41,42]. Simple approximate expressions can be
derived for the optical frequency tuning and injection locking sensitivities [41]:
F.(X)

_

dlgO

2.2

c a

and:
2Aw1

_

^S1

5 Fb(X).Ip(X).w^

2.3

*Ii(X).Q.Idc

where Aw and Aw^ are the optically stimulated frequency deflection and injection
locking range, Igg is the induced mean photocurrent and Igg^ the induced locking
signal photocurrent, Q is the oscillator circuit quality factor, I^^ is the diode bias
current and
is the avalanche zone transit time. I^(X) is the modified Bessel
function of order N and argument X, where X is a dimensionless parameter
proportional to the oscillator voltage swing. F^(X) and Fy(X) are avalanche gain
coefficients representing the effect of avalanche multiplication of the optically
generated carriers.
The numerical analysis confirms the analytical result to an order of magnitude but
reveals a difference in sensitivity between devices with electron and hole initiated
avalanches, the former being the larger of the two due to the higher ionisation rate
of electrons compared to holes [43].
2.2.3.1 Theoretical estimate
An estimate [44] using Equations 2.2 and 2.3 with the values Q = 100,
0.2jt/Wq, Wq/2?t = 40 GHz, I^g = 60 mA and a voltage swing of 20 % gives:
_

dlgO
and:

8 3 0 MHz/mA

=
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2A£t
- — L_

-

2 . 5 3 GHz/mA

^S1
For optical wavelengths of 850 nm the maximum theoretical sensitivity (quantum
efficiency of 100%) is 0.68 A/W. The above sensitivities in this case correspond to
580 MHz/mW and 1.72 GHz/mW respectively.
2 2 3 2 Experimental fk^quency tuning
Experiments have yielded much lower optical tuning sensitivities than the estimate
above, primarily due to poor optical coupling efficiency. The problems are
greatest at high frequencies at which the diode dimensions are smallest. The
optical coupling efficiency can be expressed in terms of the photocurrent occuring
on illumination, compared to the maximum theoretical sensitivity. With the edge
illumination of a W-band IMPATT from a cleaved multimode fibre, the coupling
efficiency was estimated as 1 % [45]. The device was illuminated with 3 mW fibre
coupled optical power at 850 nm which resulted in 20.5 /iA photocurrent. The
IMPATT diode was a Silicon device with a single drift p^-n-n"*^ structure. The 91.8
GHz oscillator had a Q factor of 200 and was shifted in frequency by 9.4 MHz by
the illumination without change in the output power. This result corresponds to a
tuning sensitivity of 3.13 MHz/mW.
Special structures incorporating an optical window in the top metalisation have
been developed, specifically to improve the optical coupling efficiency. The most
sensitive IMPATT oscillator optical tuning to date has been recorded with a 8.7
GHz device, again using a window with a Silicon single drift p‘*'-n-n''‘ structure [46].
50 a*A photocurrent was achieved with 300 /iW optical power via a multimode
fibre. This corresponds to 25 % coupling at the 870 nm wavelength. A total of 25
MHz tuning was observed, corresponding to 63 MHz/mW with an associated
output power change of less than 0.7 dB. The oscillator had a Q factor of 900 and
gave 50 mW output power.
2 2 3 3 FM frequency response
Computer simulations show the tuning effect to be very fast. A 55 ps rise time has
been predicted in the W-band oscillator described above [45]. Experiments
indicate there are additional frequency tuning effects in practice, associated with
thermal changes under illumination and also the back diffusion of minority carriers
from the substrate [46]. Both have a low pass characteristic, the latter having a 3
dB roll-off at 2.5 MHz.
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2 2 3A Amplitude switching
Kiehl [47] observed that, under sufficiently high illumination, the oscillation is
quenched, hence allowing optical switching. The optical power density in this case
is large, requiring approximately 500 mW of optical power at 900 nm to quench the
oscillation in an X-band device. The device had a small top electrical contact
allowing approximately 90 % of the 250 tim diameter mesa to be illuminated from
above.
Yen et al. [48] observed that the effect of the illumination was dependent on the
external resonant circuit of the IMPATT oscillator. Under different conditions the
illumination either triggered oscillation in a normally-off circuit, or caused the
oscillation to be quenched. Also the switching level for the illumination power was
a function of the external circuit.
223.5 Optical injection locking
Optical injection locking has been demonstrated in X-band IMPATT oscillators
[28,49] by locking to a harmonic component of a laser, modulated at some
subharmonic of the oscillation frequency. Experiments were performed with low
Q cavity circuits. Seeds and Forrest [28] measured a total locking range of 1 MHz
in a 7.8 GHz oscillator. The optical signal was generated by modulation of a 5
mW, 850 nm laser at 2.6 GHz. The locking sensitivity varies with choice of
subharmonic frequency and is affected by the cavity circuit [49].
Direct comparison with the estimate of 2.2.3.5 is not possible due to the unknown
optical modulation index at the fundamental frequency.

2JL4 MESFET oscillators
Photoeffects in a number of microwave transistors have been observed and studied
including MESFET, HEMT, and HBT devices. Of these, MESFETs have been
studied in most detail because of their wider use and a more established
technological status.
The photoeffects in MESFETs can be discussed in terms of the photovoltaic effect
at the internal fields of the gate depletion layer and the channel/ substrate
interface, and the photoconductive effect in the channel and parasitic resistances.
The result is an increase in the transconductance and the gate-source capacitance
and a reduction of the channel and parasitic resistances. The photoeffects have
been modelled by simple analytical models based on the appearance of a forward

CHAPTER 2

17

photovoltage at the gate [50]. Experimental measurement of the RF parameters
under illumination are in fair agreement with the theory [50,51].
2J2.4.1 Frequency tuning
The main mechanism for the optical control of a MESFET oscillator is the change
in gate-source capacitance due to the photovoltaic effect at the gate junction.
Experiments on differing configurations tend to confirm, this with the largest
optical frequency tuning ranges achieved with common source configurations [52].
The gate-source capacitance changes logarithmically with optical power and this
characteristic appears in the fi'equency tuning response [53], leading to very high
sensitivities. Frequency shifts of 100 to 200 MHz have been recorded for
oscillators operating between 4 and 8 GHz, with white light of intensity of 1000
W/m^ [52]. This intensity corresponds to illumination with a circular spot of
diameter 100 /im with 79 /iW total optical power.
A linear dependency on optical power can be achieved by making use of the
reverse photocurrent flowing through the gate junction. This varies in direct
proportion to the optical power and will develop a forward voltage across an
external resistor in the gate bias circuit. The superposition of this voltage on the
applied gate bias causes a frequency tuning effect. In all the frequency tuning
experiments, the associated amplitude modulation was small.
2.2.4J FM frequency response
Modulation of the illumination reveals the FM frequency response to have a low
pass nature and suggests that the response at least is partly associated with the
modification of the internal fields through the freeing of traps [53]. The FM
frequency response rolls-off very slowly, dropping by about 10 dB between 1 Hz
and 1 MHz [53,54].
2#2.4.3 Coupling efficiency
The coupling efficiency is hard to quantify due to the variety of mechanisms that
contribute to the overall effect. A commonly used method is to measure the
reverse photocurrent in the gate circuit. The sensitivity can be compared to that of
an ideal detector for a given wavelength.
Absorption occurs in the exposed channel regions either side of the gate
metalisation. These long narrow regions are incompatible with circular
illumination spots and so coupling efficiencies are typically low for example 5%
[50].
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22AA Optical iigection locking
Optical injection locking has been demonstrated in a MESFET oscillator at 2.35
GHz [29] and 9.6 GHz [55]. The former employed direct laser modulation of a 1
mW, 850 nm laser with unity modulation index. The latter used coherent mixing of
locked semiconductor lasers to generate a peak optical signal power of
approximately 90 a*W at the fundamental frequency. The injection locking ranges
were 5 MHz and 1.6 MHz respectively.
A computer simulation using SPICE [56] indicates that the mechanism causing the
injection locking effect is most probably the photoconductive effect in the channel.
The injection was modelled as an ideal current source in parallel with the
transconductance. A signal photocurrent of 100 /*A caused a locking range of 4
MHz. Contributions to the locking effect due to the photovoltaic effect at the gate
were discounted by the simulation.

2.2.5 HEMT oscillators
The structure of HEMTs has many features in common with that of the MESFET
and so many of the optically induced mechanisms and resulting photoeffects are
similar. However the epitaxial layers either side of the heterojunction in the
HEMT device have an unequal band-gap energy and therefore give differing
absorption characteristics [57]. The wavelength of the illumination in the HEMT
is more significant in determining which mechanism is most important.
22.5.1 Frequency tuning
Optical frequency tuning has been demonstrated in a 2 GHz, +13 dBm
AlGaAs/GaAs HEMT series feedback oscillator. The illumination wavelength
was 690 nm; sufficient for photon absorption in all regions of the device. A tuning
range of 12.5 MHz (0.5% of the centre frequency) was measured with 0.5 mW
optical power. The maximum variation of oscillator power was 0.5 dB. The
principal mechanisms causing the tuning were photovoltaic effects at the gate and
the photovoltaic gate biasing effect via a 1.2 Mo resistance in series with the gate.
22.52 Optical iidection locking
Optical injection locking has been demonstrated in an 8 GHz monolithic InGaAs
HEMT oscillator [30]. The device had a gate of length 0.25 ym arranged in two
parallel arms, each of 50 nm. Resonant coplanar waveguides at the gate and
source caused oscillation. The optical signal, generated by a directly modulated
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fîbre pig-tailed laser, was coupled directly into the device from the cleaved fibre
end. A geometrical coupling efficiency of 3.5% was estimated. A total injection
locking range of 1 MHz was observed with a peak-to-peak optical signal power of
1.9 mW. No details regarding the oscillator quality factor or oscillator output
power were disclosed.
2J.6 HBT oscillators
Bipolar phototransistors are commercially available as low bandwidth
photodetectors. The principal mechanism [59] is photon absorption in the base
and collector regions which, firstly, causes an additive collector current, and
secondly changes the internal potential across the base-emitter junction - due to
the photoinduced majority carriers at the base - which acts as a forward bias in
such a manner as to turn on the transistor. Similar mechanisms will act in
microwave HBT devices. The heterostructure can increase substantially the
transistor current gains, to greater the 1000, potentially enabling very high
photodetection sensitivity [59].
2^.6.1 Frequency tuning
Frequency tuning of a HBT oscillator at 500 MHz has been observed. The
oscillator, constructed from discrete components, was a simple LC design based on
a differential long-tailed pair amplifier with positive feedback via a direct
connection. This design enabled tuning over a wide range through variation of the
emitter current. The optical tuning range was 25 MHz (5% of the centre
frequency) with 1 mW of optical power. The illumination was directed at one
transistor only. The tuning response shows a non-linear power function
dependency on the optical power.
22.62 Optical iigection locking
Optical injection locking was demonstrated in the HBT oscillator described above
[31]. The optical injection locking range was 15 MHz (3% of the centre
frequency). This is the largest fractional optical injection locking range
demonstrated. Unfortunately details of injection locking parameters, for example
oscillator power, oscillator quality factor, and the optical modulation depth, are
not disclosed and so direct comparisons with the results in other oscillator types
cannot be drawn.
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23 In d ire c t OPTICAL CONTROL
Indirect control of an oscillator is possible by the incorporation of a photosensitive
component into the oscillator circuit. This approach allows more flexibility than in
direct optical control since the optically sensitive component and its effect on the
oscillator operation can be designed and optimised separately.
The examples below are divided between those using a PIN diode, in which the
illumination causes a change in the capacitance, and those using optically induced
changes in the conductivity of a high resistivity semiconductor.

23.1 PIN diodes as optically controlled capacitors
The photovoltaic effect at the junction of an illuminated PIN diode results in a
minority carrier photocurrent, and a reduction in the built-in junction potential
and in the depletion layer width. The latter effect causes an increase in the
junction capacitance. Optical frequency control can be achieved by suitably
incorporating the diode, with its light varying capacitance, into the frequency
determining element of an oscillator.
Several experiments have been performed; two examples are described here:
2.3.1.1 Frequency tuning of a 25GHz HEMT oscillator
Saedi et al. [60] controlled a HEMT oscillator operating at 25 GHz. The
microstrip oscillator was of a common source, series feedback configuration. The
oscillation frequency was determined by microstrip circuit (at the gate), terminated
by a PIN diode which was operated as an optically controlled capacitor. Using 820
nm light, a maximum frequency shift of 40 MHz was observed with 1.2 mW of
absorbed optical power (corresponding to 33 MHz/mW tuning sensitivity). Higher
optical powers produced lower frequency deflections. The reverse bias of the PIN
diode was varied. The largest sensitivities were obtained with a reverse bias of 0.5
volts. FM frequency modulation was observed up to 30 MHz.
23*12 Frequency tuning of a 1.8 GHz DRO oscillator
Daryoush et al. [61] demonstrated optical frequency tuning of a dielectric
resonator oscillator (DRO) at 1.79 GHz. The dielectric resonator was positioned
as the shunt feedback element in a common emitter Silicon bipolar transistor
oscillator. An additional microstrip circuit, incorporating a PIN diode, was
coupled magnetically to the resonator thereby affecting the feedback condition and
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the oscillation frequency. Illumination of the diode gave a maximum frequency
shift of 10 MHz with white light of intensity 300 W/m^ and a diode reverse bias of
0.4 volts. There are no details of the PIN diode dimensions or capacitance.

232 Optically induced changes in conductivity
Photon absorption in a bulk semiconductor results in an increase of free carriers
and therefore in the material conductivity. The optically controlled conductance
can be incorporated into a microwave circuit, thereby affecting its impedance and
therefore, under suitable conditions, the operating frequency of a microwave
oscillator. The change in conductivity is largest in high resistivity materials such as
undoped Si, GaAs or InP. The use of these materials restricts the wavelength of
the controlling optical signal (see Table 1(a)).
2.3.2.1 Optical frequency tuning

Frequency tuning using the photoconductive effect is possible by incorporating the
photoconductor into the frequency determining element of the oscillator circuit.
Illumination then causes a change in the circuit impedance and, consequently, the
resonant conditions. Optical frequency tuning using this principle has been
demonstrated using a variety of methods.
A drawback of this technique is that the use of the photoconductive switch in the
oscillator degrades the oscillator quality factor in one or both of the switched
states, due to the high resistance of the photoconductive element. This limits its
use to applications in which high oscillator phase noise is acceptable.
a)

Frequency tuning of a DRO. The frequency in a DRO is dependent largely
on the field configuration inside the dielectric resonator. This can be
altered by illumination of a high resistivity semiconductor placed on top of
the resonator. The changes in conductivity with illumination alter the
boundary conditions at the dielectric surface, and this perturbs the field
configuration and the oscillator frequency.
Optical frequency tuning using this technique has been demonstrated in an
X-band MESFET oscillator built on microstrip with the dielectric resonator
acting as the shunt feedback element [62]. The frequency varied linearly
with illumination power and was also sensitive to the position of the optical
focus on the high resistivity Silicon slab. Illumination with 1 mW of light at
850 nm produced a 0.5 MHz shift. Intensity modulation demonstrated
frequency modulation up to at least 130 MHz.
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b)

Frequency tuning of a waveguide resonator. Optical frequency tuning of a
Ka-band oscillator with waveguide cavity has been demonstrated by
illumination of a photoconductor which has been built into the cavity wall
[63]. The high resistivity semiconductor plugged a small circular waveguide,
leading off from the resonator cavity, and which operated below its cut-off
frequency.
Changes in conductivity of the semiconductor under
illumination caused changes in the waveguide input impedance and
therefore in the cavity resonant condition.
The frequency of a 37 GHz Gunn diode oscillator increased with
illumination by 150 MHz. The output power fell by 0.7 dB. The power of
the illumination was not quoted.

c)

Frequency tuning of a microstrip resonator. The impedance of a microstrip
circuit can be changed conveniently by illumination of a high resistivity
semiconductor slab that bridges a gap in the metalisation. The illumination
increases the conductance of the semiconductor and so causes the gap
impedance to change from a predominantly capacitive state, associated with
the track-to-track capacitance, to a conductive state. Oscillator frequency
tuning has been demonstrated by using a photoconductive switch such as
this to connect an additional microstrip stub to the existing microstrip
resonator, hence changing its impedance [62]. Using a Silicon high
resistivity slab illumination at 633nm, 5mW caused a frequency shift of 10
MHz in the oscillator operating at 9.6 GHz.

23.2.2 Amplitude switching
a)

Microstrip gap. The change in impedance of a microstrip gap, described
above, can be used to affect optical switching. Improved optical coupling
can be achieved by modifying the gap into an interdigitated structure [64].
Experiments have been performed with an interdigitated microstrip gap on
a semi-insulating InPiFe substrate. They have estimated the optical
switching of a gap capacitance of 0.03 pF over to a conductance of 5 mS.
This conductance was achieved with 50 mW, 805 nm illumination from a
multimode fibre. The on-state insertion loss in a 50 o system was 10 dB.
The dynamic switching range reduces with frequency due to transmission
via the finite gap capacitance and was measured as 43 dB at 0.1 GHz and 23
dB at 1 GHz.
An alternative configuration used an interdigitated photoconductive switch
to terminate a reflecting microstrip stub [65]. Transmission via the stub was
possible using a circulator. Illumination switched the stub termination
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between 3 pF capacitance, which produced total reflection, to a matched
load (zero reflection). The device had a semi-insulating InPiFe substrate.
Illumination with 400 mW at 488 nm switched between 1 dB insertion loss
to greater than 18 dB isolation over a 8 to 11 GHz frequency range.
b)

finline structure. Optoelectronic switching of high frequency microwaves
has been demonstrated using a fînline structure in a rectangular waveguide
[6 6 ]. The structure produces a high field concentration at the centre region
of the fin and so should give high sensitivity to illumination of a high
resistivity semiconductor in this region.
Experiments with GaAs substrate and with varying finline dimensions have
achieved insertion losses of 1 to 2 dB and on-off ratios of up to 40 dB in the
26 to 40 GHz frequency range. The results were achieved with pulsed
illumination with power 12 W at 850 nm. Switching times were greater than
50 ns.

2.4 S u m m a r y
Tables 2,3 and 4 summarise the results discussed above.
Optical frequency tuning experiments show tuning sensitivities of a few MHz/mW
with no substantial sensitivity differences between direct and indirect control
methods. Higher sensitivities can be achieved with direct control through
improved optical coupling efficiency, but this demands special devices designed for
optical access. The FM frequency response has not been investigated in detail in
all cases. With direct control, the bandwidth is subject to various device dependent
effects and appears to be more limited than with indirect control techniques.
Amplitude modulation by optically controlled switching requires high optical
powers, approaching 1 Watt for both direct and indirect control methods. Optical
injection locking ranges are limited to a few MHz mainly due to poor optical
coupling efficiency, but also low modulation indices, particularly at high locking
frequencies.

Tabic 2.2 Sum m ary o f optical frequency tuning techniques

optical tuning
techniques

oscillation
frequency

tuning
sensitivity

illumination
wavelength

91.8 GHz

3.13 MHz/mW

850 nm

8.8 GHz

63 MHz/mW

870 nm

-0.7 dB

4 to 8 GHz

40 to 175 MHz
atlOOOW/m^

white

<2dB

associated
AM

FM frequency
response

ref

notes

[45]

1% coupling efficiency

2.5 MHz
3 dB bandwidth

[46]

loupling efficiency with
25% coupling
optical window

10 dB decrease
from 1 Hz
to 1 MHz

[52]

logarithmic response

[53]

trap effects pve limited
frequency response

[57]

photovoltaic gate bias via 1.2
Mohm series gate resistor

direct control
Si IMPATT

common source
MESFET

HEMT

2 GHz

25 MHz/mW

690 nm

HBT

0.5 GHz

25 MHz shift
with 1 mW

840 nm

25 GHz

33 MHz/mW

820 nm

10.2 GHz

0.5 MHz/mW

850 nm

b) wravcguidc
resonator

37 GHz

150 MHz; Popt
undefined

white

c) microstrip

9.6 GHz

2MHz/mW

0.5 dB

[31]

Indirect control
PIN diode
photoconductor
a) DRO

• 633 nm

■'

-0.7 dB

modulation
at 30 MHz

[60]

microstrip HEMT oscillator;
3 pF PIN diode

modulation
to 130 MHz

[62]

MESFET oscillator; Si slab
on top of DRO

[63]

Gunn oscillator; photoconductor
plugs hole in carity

[62]

microstrip Gunn osc.; Si slab
bridges gap

■

—

■■■

Table 2.3 Summary o ‘optically conitrolled microwaye switching techniques
optical switching
operating
optical
illumination on-off switching
techniques
frequency
power
wavelength
ratio

modulation
frequency

ref

notes

[47]

switching characteristics depend
on the external circuit conditions

[37]

frequency tuning evident;
effects are strongly dependent
on traps

[65]

employing change in reflection
coefficient of a microstrip stub

[66]

(Inline structure on high resistivity
substrate at centre of rectangular
waveguide

direct control
IMPATT
oscillator

63 GHz

10^ W/m*

900 nm

20 dB

Gunn oscillator

6.7 GHz
to 10 GHz

333 mW

610 nm

-------

microstrip
photoconductive switch

8 to 11 GHz

400 mW

433 nm

> 18 dB

finline
structure

26 GHz to
40 GHz

12 W peak
pulsed power

850 nm

40 dB

82 MHz

Indirect control

20 MHz;
> 50 ns rise/fall
time

K

K

Table 2.4 Summary of optica! in jection locking techniques

direct optical
injection locking

operating
frequency

optical
power

wavelength

locking
range

ref

notes

7.8 GHz

20

5mW
mean

850 nm

IM H z

[28]

locked to 3rd subharmonic frequency
modulation index unknown

8.1 GHz

low

3mW
mean

830 nm

5 MHz

[49]

locked to 4^,6,7, and 8
subharmonic frequencies
Highest sensitivity with even
subharmonics
modulation index unknown

2.35 GHz

40

Im W
peak

850 nm

5 MHz

[29]

1.6 MHz
0.09 mW
peak

850 nm

[55]

9.6 GHz

HBT
oscillator

0.5 GHz

0.95 mW
mean

840 nm

15 MHz

[31]

HEMT
oscillator

8 GHz

1.9 mW
pcak-pcak

IM H z

[30]

IMPATT
oscillator

MESFET
oscillator

coherent mixing technique
to generate intensity mod
signal at 9.6 GHz

MMIC oscillator
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O s c il l a t o r p h a s e l o c k in g by p h a s e l o c k e d l o o p , in j e c t io n l o c k in g an d
INJECTION p h a se LOCKED LOOP

3 .1

I n t r o d u c t io n

Optical phase locking of microwave oscillators can be performed by optical
injection locking, phase locked loop (PLL) incorporating optical frequency tuning,
or a combination system referred to as an optical injection phase locked loop. This
chapter considers the three phase locking systems and offers a simple analysis
based on a phase locked loop. The analysis is presented in general terms and
therefore is appropriate for equivalent systems using electrical control techniques.
The chapter is divided into two sections. The first derives the unified phase locked
loop model for the three systems. The second section considers departures from
the ideal behaviour which limit the individual systems and distinguish their
operation. It is shown that the injection phase locked loop can be designed easily
to overcome some of the practical limitations of a phase locked loop.

3.2

U n ifie d

PLL m o d e l s

f o r s y s te m c o m p a ris o n s

Fig. 3.1 shows schematics of the three phase locking systems considered in this
chapter. The system combining injection locking and a PLL will be referred to as
an injection PLL or IPLL. Similarity between the systems is drawn from the
similarity in their respective time dependent dynamic equations. Making certain
assumptions, it is shown that each can be described by a similar small signal model.
This approach unifies the analysis of the three systems and facilitates the
comparison of the system operation.
The sections below discuss firstly the time dependent dynamic equation for each
system, and secondly the assumptions necessary to achieve a unified model. The
unified model is based on the small signal analysis of a PLL. Therefore, PLLs are
considered first.

3.2.1 Phase locked loops (PLL)
A phase locked loop is a special case of control loop concerning the phase locking
of an oscillator to an injected signal. The loop consists of a voltage controlled

28

CHAPTERS

(a)

phase locked loop

in p u t

phase
d e te c to r

(b)

injection locked oscillator

voltageco n tro lled
oscillator

lo o p
filter

in p u t

o u tp u t

o u tp u t

©■

(c) injection phase locked loop
in p u t

o u tp u t
phase
d e te c to r

lo o p
filter
F(s)

Fig 3.1 Schematic of oscillator phase locking systems.
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oscillator (VCO), a phase detector and a loop filter, Fig. 3.1(a). The phase
detector measures the phase difference between the input and oscillator and
adjusts the oscillator frequency, via the loop filter, to reduce this difference.

3.2.1.1 Non-linear dynamic equation
Fig. 3.2 shows the loop with the appropriate variables and parameters.
is the
oscillator tuning constant. The phase detector is modelled as a perfect multiplier
with the constant
relating the output voltage to the product of its two inputs.
Therefore,
has the units volt"\ f(t) is the impulse response of the loop filter.
When unlocked, the input and output signals will have different frequencies. This
difference appears at the output of the phase detector due to its mixing properties,
and passes around the loop to frequency modulate the VCO. Consquently, the
waveform propagating around the loop will be a beat signal with a complicated
frequency spectrum. To simplify the analysis, the VCO output waveform is
considered as having a mean frequency and a phase modulation 6 ^(t). Similarly
the input waveform is considered to be a sinusoid with variable frequency which
can be considered as a mean frequency and a phase modulation ^^(t).
The phase detector output voltage will be:
v^(t) -

V^sin(wj^t +

.V^cos(w^t + 0^(t))

Rearranging gives:
Vd(t)

-

sin[(w^ - W^)t + (^^(t) - O^Ct))]
X

+ KdV^V^ sin[(Wi + w^)t + (^i(t) + ^^(t))]

3.1

X

The double frequency component is assumed to be removed by the low pass
filtering effect of the loop. The output of the filter is given by the convolution of
the input and its impulse response, f(t):

Vg(t) - |.f(t - r).v^(r).dr

3.2

J -CO

Finally, Vg(t) frequency tunes the VCO away from its free running frequency w^.
The sign of the frequency shift is irrelevant at this stage since the sinusoidal nature
of the phase detection gives both positive and negative slopes to which the system
may lock:
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- k(,Vg(t) + «f

3.3

Combining 3.1, 3.2 and 3.3 yields the overall dynamic equation for the phase
locked loop;

f

J -0 0

- r)sln[(«i - «„)r

+

- e„(r))l.dr

X

3.4
Equation 3.4 describes the frequency pulling effect of the phase locked loop and
the injected signal on the oscillator, and is appropriate for both locked and
unlocked conditions.

32.1.2 Small signal analysis
The small signal transfer function in the frequency domain can be found by
Laplace transformation of the time-dependent dynamic equation. Laplace
transformation cannot be applied directly because of the non-linearity of the phase
detector in the integral. However linearisation is possible by assuming lock, and
therefore
and a small phase error such that 6 j^(t) - «^(t) < ?r/6 . Under
these conditions the phase detector output can be written:
Vd(t) - Kd(o^(t) - 6^(t))

3.5

where the phase detector constant, K^, is redefined with units V/rad.
Kd can be positive or negative. The sign convention chosen is with Kd as positive
in which case Vd(t) is positive if the oscillator phase lags the injected signal phase.
A non-inverting loop filter then causes the oscillator frequency to increase in
proportion to Vd(t), causing its phase to advance to that of the injected signal.
Substitution of Equation 3.5 and 3.2 into 3.3 and direct Laplace transformation
leads to the closed loop transfer function H(s):
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^

-

s

F(s) is the frequency response of the loop filter and is equal to the Laplace
transformation of f(t). For convenience it has been assumed that
deviation from this condition can be taken into account when examining the loop
tracking response.
Many features of the PLL operation can be derived from H(s). Another useful
function, common to the general control theory, is the open loop transfer function,
G(s), where:

-

1

ri(s )

For the PLL» G(s) is given by:
G(s)

-

M

il)
s

3. 8

The small signal transfer function offers a convenient means of deriving the
characteristic equation of the system from which the roots of the dynamic equation
can be calculated. The values of the roots are of interest since they reveal the
stability and transient response of the system. The characteristic equation is found
by equating the transfer function denominator to zero. Hence:
G(s)

+

1 - 0

3. 9

3.2.13 PLL terminology

Controlloops are often described in terms of type andorder which characterise
the loop operation with respect to itstracking response. The order of a control
loop is equal to the number of roots of the dynamic equation and therefore to the
order of the characteristic equation. The loop type is a number equal to the
number of perfect integrators within the loops. Therefore, it is equal to the power
of 1/s in G(s). The type of a control loop is always smaller or equal to the order.
Equations 3.8 and 3.9 show the order and type to be dependent on the F(s).
Perfect integration at the frequency tuned oscillator means that a PLL must be
first order or higher. PLL analysis is usually restricted to first and second order
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Vj sin(W;t + ©i(t))

V* cos(w,t + 0o(t))
f(t)

Fig. 3.2 Block diagram of phase locked loop

(a)

injection locked oscillator
Vj cos(Wit + 6 i(t))

(b)

cos(u„t + e ^ t) )

^
equivalent phase locked loop

'

Vj COS(W;t + 0 i(t))

V* COS(Uot + 0o(t))
*77/2

-

0

-

K,

- ©

phase
sh ifter

Fig. 3.3 Block diagram of injection locking and its equivalent
phase locked loop representation.
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loops. Higher than second order loops are likely to be unstable and are usually
avoided except for special applications.
(i) First order PLLs. The ideal loop filter for a first order PLL is an infinitely
broadband device. Hence:
F(s) - A

3.10
AK K

“ <*> -

r - T

^

The loop is completely defined by the value of AK^K^. This is used here to define
the loop amplification, K^, which has the units s’^:
Kp

-

AK^K^

3.12

(ii) Second order PLLs. Second order PLLs display a natural resonance in their
frequency response which is characterised by a natural frequency,
and damping
coefficient f. Expressions for these terms can be found by equating the
characteristic equation, hence:
G(s)+1

—

s^ +

3.13

The
and ç can be designed independently. However it is common to design
the loop with a damping coefficient of between 0.5 and 1 for optimum transient
and noise performance.
For a second order type II loop, F(s) must be of the form:
F(s) -

— -Q--

3.14

where
is a time constant. This response has infinite gain at zero frequency and
therefore is not practical. However a good approximation is possible through the
use of an active filter.
From Equations 3.8, 3.12, 3.13, and 3.14, the natural frequency and damping
coefficient can be expressed as:
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’’o

3 2 2 Injection locked oscillators
Injection locking is a non-linear phenomenon in which output of the driven
oscillator locks to the phase and frequency of an injected signal of smaller
amplitude. An analysis by Van der Pol [67] showed that the effect of a driving
signal can be derived from the time dependent differential equations pertinent to
the non-linear circuit. The approach was demonstrated assuming non-linear
characteristic potential of the form-oV + -yV^ where o and 7 are positive constants.
A more convenient analytical model, derived by Adler [22], does not require
knowledge of the non-linearity nor exact solution of the time dependent
differential equations, but successfully describes the effects of signal injection
including both locked and unlocked conditions. The analysis derives a time
dependent equation for the output phase of the oscillator assuming small signal
injection and therefore constant RF signal amplitude. Adler’s equation, expressed
in a form more useful for application to the injection locking of microwave
oscillators [6 8 ], is given by:
dt

Q

^

sin[6 (t)]

-

Aw

3.17

dg^(t) (= d^(t) - d^(t)) is the instantaneous phase difference between the injected
signal and the oscillator output, and Aw =
- w^ where w^ is the frequency equal
to the injected signal frequency and w^ is the free running oscillator frequency.
and Wq are the power of the injected signal and the oscillator output respectively.
The injection locking range, Aw^^^j, equals the maximum frequency range over
which the injected signal frequency may vary whilst retaining lock. Under locked
conditions d^^(t)/dt = 0 and since | sin(dg(t)) | < 1 :
Aw^^j

I

3.18

The total locking range extends either side of w^ and therefore equals 2aw^^j .
The equation shows the injection locking range to be proportional to the absolute
oscillation frequency, and the reciprocal oscillator quality factor. The injection
locking range is also proportional to the square root of the locking gain where the
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gain is the ratio of the power levels of the injected signal and the oscillator output.
The square root dependency on the injected signal power is held by a wide variety
of circuits as long as the injection signal power is kept low or conversely the
locking gain is high.
The static phase error, due to a shift in injected signal frequency Awunder locked
conditions, can be found from 3.17 and 3.18:

sin[6 ]

Aw
-----

-

3.19

^ in j
The equation shows the maximum static phase error under locked conditions is
n/2.

322.1 PLL model for injection locking
The injection locking of an oscillator performs a very similar function to the
locking of an oscillator in a PLL. In both, the oscillator is synchronised to the
injected signal and also a frequency range exists within which a phase modulation
signal can be passed and the phase noise of the oscillator is suppressed. The
analogy can be strengthened further by comparing the time dependent dynamic
equations for the respective systems. Substituting for ô j t ) in the dynamic
equation for the injection locking effect. Equation 3.17, according to the notation
defined in Section 3.2.1:
- Wj^)t

+ ^o(t) - 6j_(t)

u>^ - w£ Equation 3.17 becomes:

Q

J

Wf

^

sin[(w^ - w^)t + (0^(t)

- ^o (t))]
3.20

There is a very close resemblance to the PLL time dependent dynamic Equation
3.4. This close similarity enables the injection locked oscillator to be described as
a first order phase locked loop. The equivalent PLL model is summarised by Fig.
3.3. In analogy to the definition of K^,
is defined as the injection locking loop
gain with units s " \ and as being equal in magnitude to Aw^^j. The only difference
with the PLL schematic in Fig. 3.2 is the w/2 phase lag that is included to simulate
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injection locked oscillator

TTfl
V, cos(w,t + e,(t))

HSH
K,

V, co s(w + 6.(t))

K. ©

►
—

7T/2

►

F(.)

phase
shifter

Fig 3.4 Block diagram of injection phase locked loop assuming
equivalent PLL representation of injection locking.

Fig 3.5 Simplified block diagram of injection phase locked
loop used for small signal analysis.
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the effect of the quadrature characteristic of a multiplying type phase detector.
The open loop transfer function of the injection locking loop therefore is :

3 2 3 Injection phase locked loops
Injection locking and PLL combinations in various topologies have been
considered for stabilisation [24] and improvement of noise suppression [25] in the
injection locking of microwave oscillators; in microwave frequency discriminators
[69] and as a means of improving the performance with respects to pull-in
acquisition [70]; and acquisition transients [80] in phase locked loops.
Fig. 3.1(c) shows a schematic of the IPLL. The PLL component of the system has
an identical form to the PLL described in Section 3.2.1. The input signal path is
divided and simultaneously feeds the PLL and oscillator. Analyses of similar
systems [26] [27] show the injection locking to add a component to the PLL loop
gain. The analysis below derives a similar result in the ideal case.

3.2.3.1 Small signal analysis
The PLL representation of injection locking can be used to formulate a simple
representation of the combined system. Therefore the analysis assumes small
signal injection and small phase error for linear operation of the PLL phase
detector. Fig. 3.4 shows the IPLL making use of the PLL model for injection
locking. There are effectively two phase locked loops operating with a common
voltage controlled oscillator. The w/2 phase shifter must be included to
accommodate the quadrature phase characteristic of the phase detector.
Further simplification to this representation is possible by assuming the signals at
the input to the two phase detectors are identical, allowing the phase detectors to
be combined, Fig. 3.5. Implicit in this assumption is that the various signal paths
have negligible electrical length. The IPLL therefore can be represented as a PLL
with a compound loop filter formed by the parallel combination of the PLL
amplification and the injection locking gain term K^. From the diagram the open
loop gain can be derived:
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Table 3.1 Phase locking system operating parameters

injection
locking

phase locked
loop

injection phase
locked loop

hold-in range
Au>h

Ki

K„K<jF(s=0)

K„KdF(s=0)

Static phase
error

Aw/K^

Ao./K„K^F(s =0)

Aw/K(,KdF(s=0)

Tracking

Transient operation

time constant

l/K i
AK„K

natural
frequency
‘"n
damping
coefficient

'

•■o

AKoKd
2

“n

Ki
2

“„

Acquisition operation

pull-in range
operation
AWp

7[2A(K<,Kd)2F(s=0)]

y[2 AKiK„KjF(s= 0 )]

pull-in time

Aw^

Aw^

AKoKd

Ki

lock-in range
Awl

Ki
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G(s) -

W

<-> + ■^1
s

3.2 2

It follows that the closed loop transfer function is given by:

----------- (Kj + W ( s ) )

(s + Ki + Kj,K^F(s))

The time dependent expression can be derived by inverse Laplace transformation
of H(s). Substitution of sin(6 ^(t)) for 6 ^(t) then allows analysis of the non-linear
locking limits and acquisition behaviour.

3JL4 System comparisons using unified PLL model

PLL operation is reviewed in detail in a number of text books and discussion of the
main relevant points is left to Appendix A. Here the main differences will be
indicated.
In the case of the injection locked oscillator, the nature of the phase locking
defines the system to be first order. In contrast, the order and type for the PLL
and IPLL systems can be designed through the loop filter response F(s).
Therefore, the design of the latter systems is considerably more flexible. As
mentioned above, higher than second order control is rarely employed due to the
problems of ensuring stability. As a result, a second order response is assumed
allowing parameters for the three phase locking systems to be summarised in
Table 3.1.
Second order control has advantages over first order in terms of tracking. For
example the static phase error for the PLL and IPLL systems can be made
arbitrarily small by making F(s = 0) large. Perfect integration (F(0)=«) will give
zero static phase error. This compares to a non-zero phase error which depends
on the offset frequency from the oscillator free-running frequency in the first order
injection locking system.
Further advantage is gained in second order type II systems from the acquisition by
pull-in process which enables acquisition over a considerably wider frequency
range than the first order injection locking system. In this case, the perfect
integration gives an infinite acquisition range, although pull-in from infinity will
take an infinite period of time.
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The PLL and IPLL systems differ in the level of first order gain. The second order
component is unchanged and this is reflected in the natural frequency being the
same for the two systems. Consequently, the effect of the injection locking is felt
in the parameters which depend on the first order locking gain, namely the
acquisition lock-in range and the small signal bandwidth.
The impact of injection locking in the IPLL system is determined by the relative
sizes of Kj and the first order PLL gain, Kp. If
< < Kp then the addition of the
injection locking link will have a ne^igible affect on the loop operation.
Conversely if the injection locking gain is very large then the operation of the PLL
and injection locking links become distinct - the injection locking link contributing
the first order operation; the PLL contributing higher order effects.
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Departures from the ideal PLL model distinguish the systems. The differences
between injection locking behaviour in practical microwave oscillators and that of
the PLL model arise from perturbation of the oscillation amplitude, due to large
signal injection and non-linearity of the device reactance. Similarly, practical PLLs
will not behave ideally due to the real nature of the loop components. These
contribute a delay to the error signal propagating around the loop and also non
ideal frequency responses which increase the order of the system. The effect of
both these qualities is to limit the loop gain and loop bandwidth because of
stability considerations. A practical IPLL will inherit the non-ideal behaviour from
both the injection locking and PLL components. However, the superposition of
the open loop gains introduces an additional degree of freedom which can be used
to accommodate the non-ideal behaviour of one or both.
Section 3.3.1 considers the affects on stability of band-limited component
frequency response and loop delay in PLLs and IPLLs and shows the potential
benefits of IPLL over PLL in this respect. Differential delay is considered in
Section 3.3.2 which can lead to competition between the injection locking and
phase locked loop control mechanisms. Section 3.3.3 discusses limitations of the
PLL model for injection locking. Finally some aspects of noise performance are
considered in Section 3.3.4.
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3J.1 Control loop stability

Stability in an IPLL differs from that in a PLL for two reasons. Firstly the
injection locking open loop gain is ideal in that there is no hidden frequency
response, as would be present in a practical PLL due to either the dc-coupled loop
amplifier or the limited PM frequency response of the VCO. Secondly loop delay
in a PLL» equal to the time taken for the error signal to propagate around the loop
via the loop circuit components, has no equivalent in the injection locking effect.
The stability and nature of the transient response of a control loop can be
examined by calculation of the roots of the dynamic equation which describes the
system. The requirement for system stability is that all roots have negative real
parts. Mathematical methods are available for establishing the stability for any
arbitrary system which can be defined in terms of a linear time dependent dynamic
equation. Alternatively, graphical methods such as the Nyquist criterion [81] can
prove more instructive and simple to use. The Nyquist criterion uses the fact that
the characteristic equation can be expressed as G(s) + 1 = 0 . It inspects the open
loop frequency response locus G(jw) on a polar diagram as wis increased from zero
to infinity. If the locus leaves the point (-1,0) to the right as the frequency
increases then, when G(s) = -1, at least one of the roots will have a positive real
component and the system will be unstable. Conversely if the locus leaves the
point to the left the system will be unconditionally stable.
The Nyquist diagram carries information about the values of the roots of the
closed loop characteristic equation and therefore about the transient response.
Conformai mapping from the root plane to the G(s) plane shows that when the
open loop frequency response locus is close to the (-1 ,0 ) point, the loop will exhibit
a poorly damped response. A measure of the separation is given by either the
phase or gain margin. The phase margin is the angle between G(s) and the
negative imaginary axis when | G(s) | = 1. The gain margin is equal to | G(s) | ^
when arg[G(s)] = 180°. The exact relationship between the phase and gain
margins and the damping constant is dependent on the form of G(s). However
acceptable performance can be obtained with margin values of 50° and 15 dB
respectively.
The sections below investigate the affects on stability in PLLs and IPLLs of firstly
a bandwidth limitation of a loop component, and secondly loop delay within the
PLL.
(a)
Bandwidth limitation. A component operating at its bandwidth limit can be
considered as adding a low pass filtering frequency response to the open loop gain.
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Fig 3.6 Nyquist diagrams indicating stability in first order phase locked loops.
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Assuming a single pole response, the band-limited component can be represented
as:

-

( T T ^

The 3 dB bandwidth for such a response is given by 1/fgy. The modified
open-loop gain becomes:
G(s)' - G(s).R(s)

(b)

3.25

Loop delay. A transmission line delay is represented in the complex
frequency domain as exp(-ST^) where is the value of the loop delay. The
open-loop gain in this case becomes:
G(s)' - G(s). e x p (- s fj)

3.26

The effect of the loop delay is to change the argument of G(s) whilst
leaving the magnitude unchanged. The argument only changes appreciably
when s = 1 /r^j.
33^.1 Stability in first order PLLs
Fig. 3.6 shows Nyquist diagrams which illustrate the effects on stability in first
order PLLs of constant loop gain. Fig. 3.6(a) shows the basic first order loop
result. G(jw) has an argument of -90° for all frequencies and the loop is
unconditionally stable since the locus leaves the point (-1 ,0 ) to the left as the
frequency increases.
Fig. 3.6(b) shows the effect of a bandwidth limitation for various 3 dB bandwidths.
The effect is to cause a deflection in the root locus towards the negative real axis.
The deflection increases as the bandwidth limitation reduces in frequency, and is
appreciable when the filter time constant
is larger or of a similar order of
magnitude to the reciprocal of the loop amplification. The single pole response of
Equation 3.24 cannot cause the locus to enclose the (-1,0) point and therefore the
system will always be stable. However, the phase margin is reduced by the
deflection indicating the transient response will degrade and show an oscillatory
nature. For a phase margin of 45° it is easy to show that the loop gain, and
therefore the PLL bandwidth will be restricted to l/r^y.
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Fig 3.7

(a)

Nyquist diagrams for an ideal second order loop with varying the loop
damping coefficient, f.

effect of bandwidth limitation,
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Fig 3.8
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Nyquist diagrams comparing the condition for stability in first and
second order phase locked loops.
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Fig. 3.6(c) shows that another effect of various loop delays is to deflect the locus.
The deflection increases as the loop delay increases and, as with the bandwidth
limitation above, is appreciable when r ^ is larger or of a similar order of
magnitude to the reciprocal of the loop amplification. For a sufficiently large loop
delay, the Nyquist diagram shows the loop to be unstable since the open-loop
frequency response locus encloses the (-1 ,0 ) point.
The limiting condition for marginal stability occurs when G(s) = -1 where:
G( s ) - ^

exp(-sfj)

3.27

It is easy to show the stability condition corresponds to:
3.28

For an adequate gain margin of 15 dB this gain value must be reduced by more
than a factor of 5.
3.3.1.2 Stability in second order PLLs
Fig. 3.7 shows Nyquist diagrams illustrating the stability in a second order PLL.
The decreasing damping coefficient appears as a reduction in the phase margin as
discussed above.
Fig. 3.8(a) and (b) compare the stability in first and second order loops due to a
bandwidth limitation and loop delay respectively. In the bandwidth limited
condition the conversion to a second order loop worsens the phase margin and
therefore reduces the margin for stability. In the delay-affected first order loop
with marginal, or near-marginal stability the conversion to a second order loop can
cause instability since the open loop frequency response locus is altered to enclose
the (-1 ,0 ) point.

33.13 Stability in first order IPLLs
Fig. 3.9 shows the affect on the stability of a first order PLL of the addition of
injection locking gain to form a IPLL. In the bandwidth limited case, the addition
of injection locking gain of an increasing magnitude progressively improves the
phase margin and therefore the transient response. In the delay limited case an
unstable PLL can be made stable by the injection locking gain.
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(a) bandwidth limitation,
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(b) loop delay,
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Fig 3.9 Nyquist diagrams for first order injection phase locked loops
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Nyquist diagrams for second order injection phase locked loops. The
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coefficient ç = \/J 2 when
= 0.
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The condition for stability in an IPLL system with arbitrary loop delay can be
found from the open-loop gain expression:
G(s ) -

3. 29

The 1/s term contributes ir/2 phase. Therefore unconditional stability can be
achieved by ensuring:
arglKpexp(-sr^j) + K^] > -*/2
which reduces to:
> Kp

3. 30

3J.2.4 Stability in second order IPLLs
Fig. 3.10 shows Nyquist diagrams illustrating the stability in second order IPLLs
with varying injection locking gain. A similar improvement in phase margin and
stability is observed to the first order case.
In the delay affected second order loop, the stabilising influence of the injection
locking allows the second order loop gain to be increased above that which would
be possible in the PLL. This means that the loop's natural frequency can also
exceed the delay limited value. This can be shown most easily by analysis of the
expression of the IPLL open loop gain. For the second order IPLL with PLL loop
delay, G(s) is given by:
Kp(s + l/rQ)exp(-sr^)

G(s);) - -i-----------^
-C------------ ^5--------------------------s

+ —
—

Assuming the condition for stability in the first order case,
ICexp(-sr^)
+ sK^To
G(s)0 -- — -------------55--------------------S

3. 31

s

» Kp, then:

3. 32

Tq

The loop is unconditionally stable providing the arg[G(ja>)] > -n. From the form of
Equation 3.32:
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ImlSs)]

Re[G(s)]

Fig 3.11

Nyquist diagram indicating the limit to the natural frequency in a second
order injection phase locked loop.
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arg[KpCos(wr^)

+

j (w K^T q - KpSin(u>r^) ) ]

>

0

and therefore;

V o

> V d

333

From the expression for the natural frequency 3.15, the stability condition can be
given:
w^l

I

<
IPLL

3.34
’’d

Comparison of the natural frequency in the conventional loop expressed in terms
of Kp and damping coefficient f is given by:

3.35

PLL

fd

Assuming a damping coefficient of 1/72 then u>^ < 0.78(Kp/f^). In this case, if
is larger than 0.78Kp then the natural frequency in the IPLL system can be
increased above the limited value in the PLL.
The limit on in the IPLL is illustrated by Fig. 3.11 which shows the Nyquist plot
for the IPLL with
= (K^/r^) being stable but with
= 1.6(Kj^/r^j) being
unstable.

33.3 Differential delay

In the practical IPLL system the instantaneous phase error between the input and
oscillator output is measured at two physically separate, points. The PLL controls
the oscillator frequency according to phase error measurement at the phase
detector. However, the variable of concern to the injection locking effect is the
phase error across the oscillator. Physical path lengths in the practical system
between components incur phase shifts which can result in a difference between
these two phase measurements, and therefore competition between the two
locking effects and possibly system instability.
Non-zero phase shifts are incurred in the microwave signal paths. Fig. 3.12 shows
the two points of phase measurement and the paths affecting the measurement
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Fig 3.12 Schem atic of injection phase locked loop indicating
the high frequency paths (shown in thick) and th eir
delay times.
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Fig 3.13 R ationalisation of injection phase locked loop with
differential delay.
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result. The paths are represented by afixed delay time.
Therefore, the
instantaneous phase error measurement atthe two positions isgiven by:
$OSc(^) -

$ p o ( t) -

[w^Ct-r^) +

[W i(t-Tb) + * i ( t - r b ) ]

- [W o ( t - r ^ ) + « o ( t - r ^ , ) ]

Under locked conditions
- "^ ra +
$P0 (t)

Wi(fb - Tg) +

3-31
3.32

The differential phase is defined here as the time averaged value of the difference
between the two phase measurements. 6 j^(t) and ^^(t) are random variables having
zero mean. Hence:
*dlff - wi(fa + 'b - 'c)

3 33

(fg +
- T^) can be referred to as the differential delay. Setting the differential
phase to zero, from Equations 3.31 and 3.32:
^ p d (^) “ @osc(t -

3.34

The two phase error measurements are the same providing $p^(t) and $osc(t) are
varying slowly compared to r^. Under these conditions:
*OSc(t) - *po(t) + ^diff

3.35

3.3.3.1 Differential delay effects on IPLL operation

The effect of the differential delay can be found by derivation of the time
dependent equations governing the system operation. Assuming the conditions
appropriate for Equation 3.35 the IPLL system can be redrawn as Fig. 3.13 in
which the delay paths are combined in a single delay
= (r^ + - r^). The
control voltage to the oscillator frequency tuning port is given by:
Vg(t) - Kisin($osc(C)) + [V^f(t)]*[sin($pp(t))]
3.36

where * denotes the convolution integral. The oscillator phase can be found by
substitution into Equation 3.3.
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Fig. 3.14 Nyquist diagram showing the failure of the injection phase locked loop to
meet the stability criterion when the differential phase is equal to w.
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(a) First order IPLL systems
Assuming lock, and for simplicity zero offset frequency from the free running
frequency, then the first order time dependent equation derived from 3.36 and 3.3
reduces to:
sin($Q5 ç(t)) - ^

sin(fl>pjj(t))

3.37

The size of the phase errors at the two points of measurement is dependent on the
relative magnitude of the two loop gains.
The dynamic response under these conditions can be derived by representing the
phase errors as a time invariant part and a varying phase of small magnitude.
Writing ^Qsc(t) = <>osc ^^(0 and $p^(t) - $p^ + A$(t) where A$(t) is small, it
can be shown from 3.4:

- A$(t)[KiCOs($osc) + KpCOs($po)]
dt

...

. ..

.......

+ [Kisln($osc) + KpSln($pD)]

3_33

+ Wf - Wq
The equation shows that the loop amplification is given by K^cos(*q5 ^) +
KpCOs(^pjj).
(b) Second order IPLL systems
In the case of the second order type II loop, the integration of the PLL reduces $p^
to zero and the differential phase resides entirely across the injection locked
oscillator. The IPLL loop gain therefore is:
G(s)

-

* KjCosCddiff)

3 35

As the differential phase increases, so the effective magnitude of the injection
locking gain within the IPLL system decreases. For differential phases greater
than +n/2 or less than -*/2 the injection locking gain subtracts from the PLL
component gain. The loop is unstable if
> K^K^F(s) at any frequency for
which |G(s) I > 1. Instability in second order IPLL systems due to the differential
phase is illustrated by Fig. 3.14.
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33.4 Limits of PLL model for ii\jection locking
The assumptions used to derive the PLL model for an injection locking effect
restrict the application of the IPLL analysis. The principal suppositions are in the
basic assumptions of the Adler equation - small signal injection and linear
reactance. Kurokawa [68] considers the injection locking of microwave oscillators.
He uses, firstly, a quasi-static analysis to describe the principal injection locking
features including stability and large signal injection effects. Secondly he uses a
dynamic analysis to derive an Adler-type injection locking equation in a simple
form, which also describes the effects of non-linear reactance of the active device
negative impedance, in and out of lock operation and noise effects.
This section discusses the effects on the injection locking effect if the assumptions
are relaxed. However the extension of the discussion to IPLL has not been
attempted at this stage and requires further study.
(a) Non-linear reactance effects.
Adler’s equation neglects the variation of the RF signal amplitude and therefore
the effect of non-linear device reactance which can be significant in microwave
oscillators. Kurokawa [68] shows the effect of an amplitude dependent active
device reactance, assuming small signal injection will modify the time dependent
injection locking equation such that the injection locking range becomes:
îii
W_

+ 1»]

3 40

cos(^)

where

and where Z(A) = R(A) + jX(A) is the amplitude dependence of the active
device in the circuit and -*/2 <\f> < n/2. Qualitatively, i/>is the slope of the device
impedance locus. If ^ = 0 then the injection locking effect follows an Adler-type
behaviour. As ^ increases so the injection locking range increases and the limits
for the static phase error change from their + /- n/2 values. The stability of the
locked condition can be derived from transient analysis for a small perturbation.
For general small signal injection the condition for stability is cos(6^(t) + ^) > 0.
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(b) Large signal.
Under large signal injection, the oscillating current amplitude is perturbed from its
free-running value, invalidating the dynamic analysis and therefore equation 3.17.
Locking stability is no longer assured.
The condition for stability under large signal injection can be found by graphical
methods based on a quasi-static analysis [68] Qualitatively large signal effects can
be observed from the changes to the spectrum immediately following loss of lock.
Under small signal injection, loss of lock is characterised by a break down from the
locked spectrum to a comb of spectral lines crowded near the free running
oscillation frequency and spaced at the difference frequency Aw. Under large
signal injection the spectrum changes, on loss of lock, to groups of spectral lines of
similar appearance to the small signal case, but repeated at set frequency intervals.
The locking range dependency on the locking gain deviates from the square root
relationship and the phase error limits can exceed the ir range found in small signal
conditions. Experimental results [68] show the onset of large signal operation at
locking gains of greater than 18 dB.

3.3.5 Noise considerations
Since there are two input terminals for the signal there are two means with which
noise can enter the loop. Under circumstances in which the noise accompanying
the signal is the largest noise source in the system, there is correlation between the
noise at the two inputs and this can lead to either constructive or destructive
interference. The magnitude of the effect is dependent on the injection angle and
the loop damping coefficient. Runge [70] shows phase noise suppression when the
differential phase is within a 20° range centred at 18°. A maximum suppression of
4 dB is found when the IPLL damping coefficient equals 4. The interference effect
equals zero for in-phase injection and the phase noise level is enhanced at
differential phase angles outside this range.
Of more interest to the systems considered in Chapters 6 and 7 is the case in which
the two input noise sources are uncorrelated. This will be the more likely
condition in microwave IPLL systems in which the injection signal AM noise is
negligible compared to the noise of the microwave oscillator. Therefore, the PM
sidebands, due to the AM noise at the PLL input, will be the only noise source that
requires consideration.
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The effects of noise in a PLL are discussed in Appendix A. The input AM noise
accompanying the signal is represented as an equivalent phase noise source at the
phase detector output. A schematic for the IPLL with noise at the input to the
PLL is shown in Fig. 3.15. In this case it is easy to show that the output phase is
given by:
s + % F ( s ) + K^' n i

3.42

where 6^j^(s) is the equivalent phase noise spectral density due to the AM noise at
the PLL input. The result shows that the noise is passed by the system and appears
as phase noise sidebands. However the transfer response for the noise term is
limited to the bandwidth of the PLL component. This may be a useful method of
minimising the effect of thermal noise at the PLL input on the output sidebands.

KoK,F(s)

e.(s)

<s>K,

Fig 3.15 Injection phase locked loop howing the introduction of AM noise
at the input to the phase locked loop component.

CHAPTERS

57

3 .4 S u m m a r y AND CONCLUSION

This chapter considered the operation of three phase locking systems; a phase
locked loop (PLL), injection locking of an oscillator, and an injection locking PLL
combination (IPLL). A simple PLL model was assumed for all three systems
allowing comparisons to be made for their operation. Although simple, this model
is useful in illustrating similarities between the systems. Practical effects such as
bandlimited components, physical path lengths and noise effects were considered
and shown to differentiate between the otherwise similar systems.
The injection locking effect is described as a first order PLL with loop
amplification equal to the injection locking range. The IPLL can be described as
the parallel combination of a conventional PLL and the equivalent PLL
representing the injection locking effect. In this case, the overall open loop gain is
found from the sum of the phase locked loop and injection locking loop gains.
The first order nature of injection locking effects only the first order component of
the IPLL system. Therefore the system parameters affected, compared to the
conventional PLL, are those which depend on the first order gain, for example
bandwidth and lock-in range. The static phase error and natural frequency, which
are a function of the integrating action of the PLL component, are not affected by
the injection locking effect.
In practical systems, the loop gain and loop bandwidth in a PLL are limited by
affects from loop propagation delay and less-than-ideal loop components, for
example bandwidth limitations. The injection locking system, however, shows
ideal first order behaviour and this can be used to an advantage in the IPLL, for
example in relaxing the limit on the loop bandwidth imposed by loop delay. In
such a case, the injection locking provides the wideband loop gain component of
the loop whereas the PLL provides the integrating or higher order effects.
The combination of the two phase locking systems introduces requirements on the
relative phase of the respective input signal, since phase comparison occurs at two
physically separate points. The effect can be discussed in terms of a differential
delay equal to the path length difference between the division point at the input,
and the two inputs to the PLL phase detector - one direct path and the other via
the injection locked oscillator. If the differential phase due to this delay is greater
than »r/2 the phase locking systems compete, each trying to tune the oscillator in
opposite directions with the result that the overall systems fails to lock.
The two inputs also introduce the possibility of optimisation of the noise
performance. AM noise at the oscillator has little effect being smaller than that
due to the oscillator. However, at the PLL input this noise is amplified and so
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becomes important. Manipulation of the PLL bandwidth can retain the second
order performance but minimise the effect of this AM noise on the IPLL output.

C hapter 4

C h a ra c te risa tio n o f o p tic a l c o n tr o l e ffe c ts in a MESFET o s c illa to r

4.1 I ntroduction
This chapter describes experimental work investigating photoeffects in a
MESFET, and the optical control of a MESFET oscillator. Photoeffects in the
device, such as optically induced gate current and changes in the channel current,
are measured and compared with similar measurements reported elsewhere.
Optical control of the MESFET oscillator concentrates on characterisation of the
optical frequency tuning and optical injection locking control functions, which are
required to demonstrate optical phase locking systems described in the next
chapter.
In Section 4.2, the mechanisms for the photoeffect in a MESFET are described in
detail. Section 4.3 describes details of the experimental arrangement used for the
illumination experiments and the design and assembly of the oscillator. Section 4.3
describes the results of illumination of the device, and Section 4.5 and 4.6
characterise the optical control function of optical frequency tuning and optical
injection locking of the MESFET oscillator.

4.2 P hotocontrol mechanisms
The mechanisms for optical control were discussed briefly in Chapter 2. The
description is expanded here to give more insight into the experiments and the
interpretation of the results. Under illumination, photons are absorbed in the
exposed semiconductor regions. A photon absorption event results in the
generation of a electron-hole pair. The influence of the excess carriers generated
on illumination contribute to the observed photoeffects.
The principal mechanisms for the photoeffects in the MESFET can be discussed in
terms of photoconductive and photovoltaic mechanisms. Fig. 4.1 indicates the
semiconductor regions of the device exposed to the illumination, which are located
in the gaps between the gate and source, and the gate and drain metal contacts.
The diagram also indicates the internal regions in which the photovoltaic and
photoconductive mechanisms operate.

CHAPTER 4

60

Vgs

illumination

+ Vdd

(iv)
source

n contact
region

gate

Ids

substrate

drain

n contact
region

channel/substrate
depletion layer

Fig. 4.1 Cross-section view of a GaAs MESFET indicating the principal photoeffects:
the photoconductive effects (i) in the channel and (ii) in the substrate; photovoltaic
effects (iii) in the gate and (iv) in the channel/substrate depletion layers; and (v)
photovoltaic biassing effect across the series gate resistance.

CHAPTER 4

61

42,1 Photoconductive effects
The photoconductive process in MESFETs arises from carrier generation in the
conducting portions of the channel and substrate, see (i) and (ii) in Fig. 4.1. The
carriers contribute to the drain-source current by being separated by the
longitudinal field. Under low field conditions the transit time
is long
compared to the carrier lifetime r and the generated carriers add to the free
carrier density. The photoconductive gain is defined as the induced photocurrent
in proportion to the photocurrent that would occur if each of the incident photons
contributed a single charge carrier to the current in the external circuit. In the low
field case, the gain is shown to be given by r / tr*
At high fields, carriers are swept out before recombining. When a charge carrier
exits the channel through the contact, it must be replenished by injection from the
opposite contact to maintain charge neutrality. This secondary photocurrent gives
the gain a value greater than unity. An analytical model for the photoconductive
processes in MESFETs is presented by Darling [82]. The model, which neglects
the photovoltaic effects, takes account of longitudinal variation in carrier mobility,
electric field, channel cross-section and generation rate, and also carrier injection
from a third (gate) terminal. Linear approximations are assumed for the changes
under illumination. The analysis shows the optical response of any channel to be
closely tied to the distribution and position of the incident intensity. For the
particular case of uniform optical generation in an n-type device with unipolar
carrier injection, the maximum photoconductive gain is given by (1 +
and /ip are the electron and hole mobilities respectively,
GaAs is
typically 18 to 20 at low field but reduces to unity at high field strengths.
4^.2 Photovoltaic effects
Internal fields are present at the gate, due to the Schottky junction, and at the
interface between the n-doped channel and the lightly doped buffer, or undoped
semi-insulating substrate. Electron/hole pairs generated in these regions are split
by the field and contribute to a junction current if an external circuit is provided.
Three principal effects can be identified.
4^^.1 Photovoltaic gate biasing
The photovoltaic effect due to the internal field at the gate depletion layer, (iii) in
Fig. 4.1, results in a photocurrent which flows in the reverse sense in the gate bias
circuit Fig. 4.1 (iv). The flow of this photocurrent through a series resistances
included in the gate circuit will cause the potential of the gate terminal to increase,
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tending to forward bias the junction. The effect is the same as an increase in
externally applied gate bias voltage.
The junction current can be represented by [50]:
J - J^(exp[nqVAT] - 1) - Jp^

4 .1

where is the reverse saturation current density, V the externally applied junction
voltage, n is the ideality factor of the junction, k is the Boltzmann constant, and T
is the temperature. Jp^ is the reverse photocurrent density which is a function of
the incident optical intensity and the potential across the junction. The change in
gate potential can be found from load line construction. This is illustrated in Fig.
4.2 which assumes Jp^ is independent of
42

Schottl^ junction layer charge redistribution

Photon absorption within and near the junction depletion layer causes a local
increase in concentration of both holes and electrons. The increase in charge
density will be small compared to the majority carrier concentration in the channel
and the bound charge density within the depletion layer, which is dominated by the
ionised donor atom concentrations. However the increase is large compared to
the minority carrier concentration and therefore alters the depletion layer
boundary conditions and the depletion layer shape. The result is a direct optical
modulation of the channel current.
A number of authors have argued that the increase in minority carrier
concentration and a shift in the hole-quasi Fermi level causes a reduction in the
gate junction built-in voltage [83][84][85]. Therefore this has a similar effect as an
increase in the externally applied gate potential. The shift in hole quasi Fermilevel, d$p, is dependent on the minority carrier concentration p^:

d$p —

KT

—

In I

I

4.2

where Ap^ is the induced increase in minority carrier concentration. Ap^ is directly
proportional to the illumination power. If Ap^ is much greater than p^ then the
apparent reduction in d$p is logarithmically dependent on the optical power.
Therefore this approach is consistent with various logarithmic dependencies on
optical power observed in MESFET devices. However, it is not conclusive.

CHAPTER 4

4223

63

Photovoltage generation at the substrate/channel interface and backgating

The difference in doping between the channel and substrate results in a junction
depletion layer with an associated internal field in the channel-to-substrate
direction. The depletion layer defînes the lower boundary to the conducting
channel. Under normal operating conditions, the chaimel/substrate junction
remains unbiased and so does not affect the current in the chaimel. Under
illumination, however, photon absorption in this region, (v) in Fig. 4.1, results in
photovoltaic effects similar to those occurring at the gate depletion layer. The
high resistivity of the substrate, and the direction of flow of the current across the
junction, tends to produce a forward bias and therefore decrease in depletion layer
width. This, in turn, increases the channel cross-section and, as a result, channel
current. The effect can be referred to as a back-gating due to the analogy with
current control by the gate depletion layer.

4 2 3 Other photoeffects
Physical phenomenon accounting for the dispersion in the output resistance and
transconductance in GaAs MESFETs have been suggested including electron
trapping at the channel-substrate interface, surface state occupation, hole trapping
within the channel, hole injection from the channel/substrate interface, and
backgating. Similar mechanisms contribute to the overall optical response to
various extents and may explain the dispersive nature observed in optical control
[54][86][87].
Photo-induced changes can arise from changes in the charge concentration and
distribution throughout the device, due to changes in occupancy of traps and
surface states [88]. Photostimulated emission of electron traps, or the capture of
photogenerated holes, changes the charge distribution in the depletion regions of
the device and therefore can result in modification of the channel current and
junction capacitance. An alternative mechanism suggested [87] is the shift in hole
quasi Fermi-level, on account of the optically induced excess hole concentration.
This adjusts the hole trap occupancy and consquently, by charge neutrality, the
electron concentration in the channel.
The ability of the trap occupancy to follow the photo-induced changes is limited by
the time constants for the capture and emission events. Since a number of
different trap energy levels are present, the frequency response is uncharacteristic
of a single pole response and exhibits a slow slopped roll-off, for example 8 dB per
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Fig 4.2 G ate current characteristics under various illum ination powers w here Iph(Pç)
is linearly proportional to the illum ination pow er. T he load line shows the change m
gate-source potential due to the phototovoltaic gate biassing effect o f the junction
photocurrent through the series resistor R . T h e gate term inal voltage can be found
from the intersection o f the load line and Igg(Vgg,Po).

CHAPTER 4

65

decade [87]. Variations in photoeffects between devices are expected due to
differing fabrication techniques and device construction and, therefore, trap and
surface state concentrations [88][89]. Analysis of trap effects has been limited to
empirical modelling of the electrically dispersive parameters and simple analytical
models for the photoeffects [87] [88] [90].

4 3 E xperimental SET-UP
43.1 Oscillator design
The experiments were performed on a common source, series feed back MESFET
oscillator. This configuration was chosen since it has been shown to give the
largest optical tuning range [see Section 2.2.4.2]. A NEC 900000 GaAs MESFET
was chosen as the active device. This was available in chip form allowing direct
illumination. The interdigitated gate structure also assists focusing into the
optically sensitive gate region Fig. 4.3.
The oscillator design was performed using Supercompact small signal microwave
design software following standard oscillator design procedures and employing a
small signal equivalent circuit for the device, derived from the supplied Sparameter data. The design approach undertook to achieve a one-port circuit with
a reflection coefficient greater than one over the frequency range of interest. The
oscillator circuit then is completed by conjugately matching the one-port reactance.
Small signal design cannot predict the oscillator output power or the frequency to
a high accuracy since the oscillator parameters change under large signal
operation. However, for the purposes of optical control experiments, the design
approach gives acceptable results.
The only requirement for the oscillator design was that the oscillation frequency
was within the modulation bandwidth of the lasers used as the optical signal
source, so that optical injection locking could be performed to the fundamental
modulation frequency. This requirement limited the oscillator operating
frequency to below approximately 3 GHz.
The complete oscillator circuit, including equivalent transistor circuit and
decoupled bias supplies, is shown in Fig. 4.4. The circuit was assembled from
sections of 50 n microstrip transmission line on an alumina substrate, ceramic chip
capacitors and wound bondwire inductors. A varactor was included in the gate
circuit to enable additional frequency tuning flexibility. Output matching was
optimised by a stub tuner.
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(a) small signal equivalent circuit of M ESFET (N EC 900000)
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Fig. 4.4 MESFET small signal equivalent circuit and oscillator
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The completed oscillator circuit showed oscillation at approximately 1.45 GHz
with a maximum output power of +10 dBm. Tuning was possible over a 100 MHz
range by adjustment of the output match which also affected the output power.
Fine tuning was also possible via the varactor in the gate resonant circuit.

4 3 2 Experimental arrangement
The experimental arrangement for the illumination experiments is shown in Fig.
4.5. The oscillator, laser optical power source and lenses for collimation of the
light from the laser and focusing onto the oscillator were mounted on three-axis
micropositioner. The focus was optimised by maximising the photocurrent flowing
in the gate bias circuit. A number of arrangements with various optical
components were attempted. The best results were achieved using a 0.23 pitch
GRIN lens for collimation at the laser and a XIO microscope objective for focusing
onto the MESFET in the oscillator circuit.
Illumination was provided by a AlGaAs/GaAs semiconductor laser (Hitachi HLP
1400) operating at 830 nm and generating up to 15 mW output power per facet.
The laser is supplied as a chip on a metal carrier, allowing high speed modulation
unlimited by package parasitics. A beam splitting cube sampled the collimated
light beam, enabling measurement of the mean illuminating power. The laser
power/current characteristic is shown in Fig. 4.6. The optical power illuminating
the oscillator was varied between .01 and 10 mW by adjusting the laser bias
current. Lower mean powers were achieved by the introduction of calibrated
neutral density filters prior to focusing onto the oscillator.
For intensity modulated illumination, a purpose built current supply allowed
modulation of the laser from 10 Hz to 100 kHz. Modulation above 100 kHz up to
the laser bandwidth was achieved by direct AC coupling of a signal source to the
laser via a 50 o series resistor. The peak variation in optical power could be
calculated from the signal current modulating the laser and the laser power/bias
slope responsitivity, which from Fig. 4.6 is measured as 0.3 W/A.

4 .4 PHOTOEFFECTS IN THE M E S F E T DEVICE

Photoeffects in the device could be measured with the device mounted in the
oscillator circuit but with oscillation disabled by appropriate adjustment of the stub
tuner at the oscillator output.
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Fig 4.7 Gate circuit photocurrent variation
with illumination power
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4.4.1 Gate photocurrent
The variation in gate photocurrent with illumination power was measured for the
MESFET device under both biased and unbiassed conditions. The series gate
resistance Rg was set to zero throughout.
Fig. 4.7 shows the measured gate current plotted against optical power. The bias
conditions were Vds = 4 V and Vgs = -2.4 V. The plot shows the photocurrent to
increase approximately in proportion to the illumination power. Also the
photocurrent in the biassed condition is between 4 and 5 times larger than for the
unbiassed condition. The increase in photocurrent with bias is due to the increase
in the gate depletion layer thickness under reverse bias conditions.
The slight reduction in the slope as the optical power is increased may be
associated with the redistribution of the depletion layer charge due to the
illumination. The illumination can be represented by a reduction in the junction
built-in potential and therefore by a small internal forward bias. This forward bias
gives a reduction in the depletion layer size and so a reduction in the number of
photon absorption events which contribute to the gate photocurrent.
The optical coupling efficiency to the gate photocurrent can be compared to the
value 0.668 A/W, which corresponds to 100% conversion at the 830 nm. The
gradients of the plots, measured between 1 and 4 mW in the unbiased case and
between 0 and 2 mW in the biased case, are 0.028 A/W (+ /- 0.001) and 0.148
A/W (+ /- 0.0004) respectively. Therefore the optical coupling efficiency
compared to the 100% value in the biased and unbiased conditions is therefore
22% and 4% respectively.

4.4.2 Optical control of channel current
4.4.2.1 Forward bias characteristics
The I^g/V^g characteristics were measured with various gate voltages, both with
and without illumination. The MESFET was illuminated with 1 mW of optical
power. The gate series resistance was set to 680 n. The results. Fig. 4.8, show that
the illumination causes the channel current to increase in a way similar to the
addition of a forward potential to the gate bias supply. The increase in channel
current shows a slight reduction as Vds is increased.
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Fig 4.9 (a) and (b)
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4.4JS.2 Comparison of Vgs and optical control
The control of the channel current by optical control, compared to that of gate bias
control, is illustrated in Fig. 4.9 (a) and (b). Fig. 4.9(a) shows the variation in
channel current with Vgs for constant mean illumination, and (b) shows the
variation with optical power plotted on a logarithmic scale for constant Vgs. Rg
was set to zero for the latter.
Fig. 4.9(b), again, shows that the effect of the illumination is similar to a small
forward potential across the gate junction. Furthermore, the plot suggests a
logarithmic relationship between the effective forward voltage induced and the
incident optical power. Hence:
-

Aln[P^j^]

+

constant

4.3

where
is the incident optical power. The constant A can be found from the
gradients of the two plots. Fig. 9(a) and (b):
«''Eh_______ aids/«[l"(P ol))
« [ in ( P o i ) ]

The gradients measured at

= 23 mA for the two cases are:

6Iag/a[ln(Poi)]
aids/aVph

4 .4

aids/aVph

-

-

28.5

1.038

mA

mA/V

and therefore A = 36.4 mV.

4,43 Discussion
The dominant effect in the optical control of the channel current is the logarithmic
relationship between the channel current change and the illumination power. This
change can be represented as an effective voltage, or photovoltage at the gate.
The mechanism for the change, however, is not determined by the experiment.
The induced change can be accounted for by: trap effects; charge redistribution
and an effective change in the built-in voltage at the gate; a photovoltage
generated at the substrate/channel interface; or a combination of more than one
of these
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Assuming the change in minority carrier concentration is directly proportional to
the illumination, and that Ap^ > > p^, then Equation 4.2 predicts a photovoltage
given by:
Vp^

-

(kT/q)lnPQi

+

constant

4.5

In this case aVp^/a[ln(P^j^)] = 25 mV at 300 K. The experimental results show a
larger effective photovoltage than this value, showing that the optical effects
cannot be treated as simply as Equation 4.2 suggests.
Any contribution to the channel current by photoconductive processes, which
should show a linear proportionaliy to the optical power, are difficult to distinguish
from the logarithmic tendency even over the wide range of mean powers
measured. However, Fig. 4.8 shows a decrease in optically induced channel
current as the drain-source potential is increased. This is consistent with a
decrease in photoconductive gain (see Section 4.2.1).

4.5 O ptical FREQUENCYTUNING
Section 2.5.1 discussed the optical frequency tuning in a MESFET oscillator,
reporting the effect to be largely associated with changes in the gate-source
capacitance [50][52]. The gate-source capacitance changes as a result of the
photovoltaic effect at the gate-junction: the effective forward bias reducing the size
of the junction depletion layer and therefore increasing the junction capacitance.
There will be additional effects from changes in the trap and surface state
occupancy due to shifts in the Fermi energy level. Mechanisms for frequency
tuning by photoconductive or optical back-gating effects are not identified readily
and so such processes have not received attention.
The experiments described below investigate optical tuning in the common source
MESFET oscillator. The responsivity of the oscillator to direct illumination is
measured and characterised. The use of photovoltaic bias tuning to linearise and
manipulate the response is then explored.
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4.5.1 Direct optical frequency tuning
Frequency tuning with mean illumination was measured from shifts in the
oscillator spectrum viewed by spectrum analyser. Intensity modulation of the
illumination laser allowed measurement of the optical tuning frequency response.
The peak frequency deviation for modulation frequencies in the 10 Hz to 100 kHz
range was measured by a frequency discriminator. The frequency discriminator
was assembled from a coupler, delay line and balanced mixer. At higher
modulation frequencies, the FM index was derived from the narrowband FM
spectrum monitored on the spectrum analyser. The estimated error in the
measurement was + /- 7%, with errors arising from the calibration of the
discriminator and in the precise measurement of the spectrum sideband amplitude.
4.5.1.1 Results
The frequency tuning responses to unmodulated and modulated illumination
under various mean illumination powers are shown in Fig. 4.10 and 4.11. The
frequency shift varies logarithmically with
over a wide range of optical powers,
from 0.1 fiW to 1 mW. Above 1 mW the gradient increases. Changes in the
oscillator output power under illumination were limited to less than 1 dB.
Fig. 4.11 shows the frequency tuning responsivity (frequency shift per unit
illumination) to a roll-off in magnitude at modulation frequencies between 10 Hz
and 1 MHz, with a tendency to flatten off at modulation frequencies above 1 MHz.
The roll-off is more pronounced at lower mean illumination powers. The higher
tuning responsivity, with lower mean optical power, is consistent with the
logarithmic dependence of the frequency shift on mean optical power. Hence, if Af
is proportional to In(P^j^) then by differentiating with respects to P^^ it is seen that
d{Af)/dT^^ is proportional to I/Pq^.
4.5.1.2 Discussion
The results of Fig. 4.10 can be represented by an expression of the form:
Af - Aln(l + aP^i)

+

Bln(l +

4.6

A, B, a, and b are constants which can be derived from the graph. There are
insufficient points at high optical powers for accurate values to be found. However
a good representation of the plotted results is given by:
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Fig 4.10
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Af - 1.04.ln(l + 22000.Pol)

+

21.1n(l

+

O.l.P^,)
oi

4.7

where Af is in MHz and
is specified in mW. The first term determines the
response at mean optical powers less than 1 mW with the second term having a
significant affect above this value.
Values for the responsivity found by differentiation of Equation 4.7 are shown in
Table 4.1.

Table 4.1. Comparison of measured optical tuning responsivity, at various mean
powers, to those calculated from Equation 4.6.
sensitivity terms
calculated for Eqn. 4.7
mean
power

first
term

5 mW
40
80 /iW
2 mW

206
26
13.0
0.26

second
term
2.1
2.1
2.1
1.75

measured sensitivity
from Fig. 4.11

total

mean
power

208
28.1
15.1
2.01

245
42
20
3

high
frequency
modulated
3
3
2
2.8

The table compares the terms calculated from the best fit expression with the
values deduced from the optical tuning frequency response at low and high
modulation frequencies. The measured tuning responsivity at low modulation
rates compares well to the sum of the two terms; the high modulation response
approximates to the second term only.
This comparison of the static and modulation tuning responses suggests that the
total tuning response can be described by the summation of two effects. Both are
non-linear in form, but one is dominant at mean powers below 1 mW and has a
low pass frequency response; the other only has a significant affect at mean powers
above 1 mW but exhibits a uniform frequency response extending to at least 100
MHz. The origin for the two effects can only be guessed at here. The responsivity
at low mean intensities probably is associated with gate capacitance changes due to
trap and surface state effects. As discussed in Section 4.2.3, these mechanisms
show a limited time response and a typically slow roll-off due to the multiple time
constants involved. Both features are observed in the measured response. The
responsivity at high mean intensity is possibly associated with changes in gate
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Fig 4.12 Frequency tuning effect of gate-source bias
potential.
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capacitance due to redistribution of charge in and around the gate junction
depletion layer.

4.SJ Photovoltaic bias tuning
The oscillator frequency will be affected by the gate-source bias potential due to its
affect on the gate junction capacitance. This feature can be used to achieve optical
frequency tuning via the photovoltaic gate biasing effect discussed in Section
4.2.2(a), enabling linearisation of the optical frequency tuning effects and
manipulation of the optical FM frequency response to some extent.
4.5.2,1 Vgs tuning
Fig. 4.12 shows the frequency tuning effect of the gate-source bias. The bias tuning
range was limited to about 30 MHz after which the oscillation was quenched. The
three plots refer to differing settings of the stub tuner at the oscillator output. The
gradients are measured for the three cases and averaged:
— -------2 0 . 7 + / - 2 . 9

MHz/V

The linear dependence of the oscillator frequency on gate bias voltage is not
predicted from theoretical considerations, due to the non-linear dependency of
Cgg on Vgg and also the non-linear dependency of the frequency on Cg^.
However the response shows a linear relationship, probably as a result of the small
tuning range measured in proportion to the oscillation centre frequency (less than
2% tuning range).
4.5J.2 Photovoltaic tuning
The gate terminal potential due to the bias supply and photovoltaic biasing effect
can be written as:

V

-

+ Kg Igs(Poi.Vgs)

*-8

where Igs(Poi’^gs) ^he gate circuit photocurrent. This is a function of optical
power and gate-source potential (Section 4.3.1). The linearity of the self biasing
effect is upset by the dependency of the gate current on the gate-source bias.
Partial differentiation of Equation 4.8 shows that:
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Fig 4.13 Optically induced frequency shift due to
photovoltaic gate bias (Rg = 10 kohms)
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Rg

® Lo'gsJPol J

(al /aPo^) is a constant under constant bias conditions. If RgCsIgg/^'^gs)
small compared to unity, the photovoltaic gate bias varies in proportion to
The overall frequency shift will be determined by the voltage dependent shift and
the optical tuning responsivity expressed by Equation 4.7:
Af -

AVgg

Ss

+

1.041n(l + 220002" ,)

+ 211n(l + O.IPq ^)

03-

4.10

where dV^g is given by Equation 4.9. At low illumination powers the logarithmic
terms will dominate. However, depending on Rg, the photovoltaic biasing term
will cause approximately linear optical frequency tuning response over a limited
optical power range.
Fig. 4.13 shows the optical frequency tuning of the oscillator with a 10 ko resistor
in series with the gate bias circuit. The optical coupling efficiency for the
measurement was 20%. The plot confirms many of the points made above. The
plot shows a logarithmic response at very low illumination powers. Above 0.1 mW
the frequency variation is determined by the photovoltaic biasing term. The high
linearity is due to the small value of Rg(ôlgg/a Vgg).
The measured sensitivity and that calculated from Equation 4.10 can be compared
in the linear region. The plot of Fig. 4.13 is approximately linear over the optical
power range 0.1 to 0.7mW. At the centre of this range,
= 0.4 mW and the
gradient is measured as 29.3 MHz/mW.
From Fig. 4.7 at
= 0.4 mW; 3lgg/aVgg = 8 /xA/V and slgg/aP^^ = 0.134
A/W. With Rg = 10 ko, dVg^/dP^^ can be calculated from equation 4.9 as 1.46
V/mW. Differentiating Equation 4.10 with respects to P^j^ and substitution of the
appropriate values, finds 34.9 MHz/mW. There is fair agreement with the
measured value. The discrepancy probably is ass ociated with the error in the
value of Af/AVgg.
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Frequency response manipulation

The use of photovoltaic biasing mechanisms for frequency tuning enables
manipulation of the optical FM frequency response by design of filtering circuitry
in the gate bias circuit. For example, a low pass filter prior to the series resistance
will cause the photovoltaic bias response to cut-ofi, leaving the optically induced
frequency shift to be determined by the residual optical tuning responsivity.
Fig. 4.14 shows the FM frequency response measured with a photovoltaic biasing
resistor of 10 ko, filtered by either a 2.2 a»F or 0.1 /iF decoupling capacitor. The
mean optical power was 2 mW. The calculated 3 dB RC cut-off frequencies in
these cases correspond to 7 Hz and 160 Hz respectively, which agrees well with the
plotted results. The optical tuning responsivity at frequencies above the
photovoltaic biasing effect cut-off frequency is approximately 3 MHz/mW.

4.6

O p t i c a l INJECTION LOCKING

Direct optical injection locking in MESFET oscillators is performed by
illumination of the MESFET in the oscillator circuit. The mechanism for signal
injection is debatable. De Salles [91] considered the injection locking of a
common source oscillator as a phototransistor mechanism. The analysis assumed
the locking signal to be introduced as a photocurrent in the gate circuit, which is
the frequency determining component of the oscillator and is considered in
isolation to the rest of the oscillator circuit. The gate circuit signal current
develops a voltage due to the gate circuit reactance, which injects a locking signal
into the channel of the MESFET via the device transconductance.
A large signal computer model, employing HSPICE, compared mechanisms
involving firstly photovoltaic voltage effects at the gate junction, and secondly the
channel photoconductive effect [92]. The photovoltaic voltage was modelled as a
voltage source (which was dependent logarithmically on optical power) in series
with the gate. The photoconductive effect was modelled as a linearly dependent
current source, injecting into the channel. The simulation results showed that the
latter successfully modelled the optical injection locking effect whereas the
photovoltaic mechanism showed no locking effects.
For the particular case here, the presence of the series feedback in the common
source oscillator considered prevents direct application of the de Salles equation
[91]. A generalised approach to the problem is to say that the photocurrent is
directly proportional to the incident optical power and therefore the injection
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signal power is proportional to
Substituting into Equation 3.18, the
optical injection locking range and therefore equivalent loop gain can be expressed
as:

where 7 is a newly defined optical injection locking coefficient which characterises
the optical injection coupling efficiency, and
is the electrical output power of
the oscillator. The equation predicts a linear relationship between the locking
range and
The experimental results should demonstrate this relationship
and can be used to calculate the proportionality constant 7 .

4.6.1 Experimental procedure
The experimental arrangement used is the same as described in Section 4.3.2. The
laser was intensity modulated at the fundamental oscillator frequency. The
focusing components were adjusted for maximum photocurrent in the gate circuit,
which was found to coincide with the focus for maximum optical injection locking
range. The oscillator output was displayed by a spectrum analyser which enabled
the locking status to be monitored.
The injection locking range was measured for various laser modulation powers by
manually adjusting the locking signal frequency and monitoring the oscillator
spectrum. The locked and unlocked spectra were easily distinguished. The
oscillator output power, in the absence of the optical locking signal, was also
measured from the spectrum analyser. This was calibrated beforehand by power
meter.
The optical signal was sampled by the second beam cube (see Fig. 4.5) and the
intensity modulated optical signal detected by high speed PIN photodiode. The
modulated depth of the optical locking signal was calculated from the power of the
detected signal, assuming a 50 n system and the mean photocurrent flowing in the
detecting photodiode. The peak power of the optical signal at the oscillator then
could be calculated from the mean optical power illuminating the device.
Finally the oscillator quality factor, Q, was found by performing an electrical
injection locking experiment. The locking signal power was injected via a
circulator.
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Fig. 4.15 Spectrum analyser display sequence showing the optical injection locking of
the MESFET oscillator operating at 1.48 GHz. Injeaion locking range = 1.1
MHz.
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4,62 Results
Fig. 4.15 is a sequence of photographs showing the spectrum analysis of the
oscillator output under optical signal injection, with the locking signal frequency
scanning though the locking range. The sequence is typical of injection locking.
The frequency range over which locking occurs is approximately 2.2 MHz.
Fig. 4.16 shows a plot of the locking range in MHz against the peak optical power,
mP^j^, in mW. The MESFET was biased with
= 3.5 V, Vg^ = -2.1 V and the
oscillator power and centre frequency were +8.6 dBm and 1.47 GHz respectively.
The optical coupling efficiency was 20%. The locking range could be measured
with a tolerance of + /- 50 kHz.
The plot is linear, indicating that optical injection locking conforms with general
injection locking behaviour. The gradient is:
27rmPoi

- 2.33

GHz/mW

The quality factor for the oscillator was measured by an electrical injection locking
experiment to be 44.7 + /- 3. Therefore, from 4.11, the optical injection locking
coefficient y is given by:
7 - 6.03

yw

4.6.3 Discussion
The linear form of the graph confirms the direct proportionality between the
photoeffects and the illumination power, and the validity of Equation 4.11.
It is interesting to calculate the size of the locking signal current flowing in the
channel. The equivalent electrical input power, Wi, can be written in terms of the
signal current i^^^g:
w.

-

2

where R l is the load impedance of 50 n. Hence from Equation 4.11:

4 .1 2
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Fig 4.16 Optical injection locking range variation
with peak optical signal power
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Therefore the injection locking effects arise from signal injection to the channel of
between 100 /xA and 500 ^A. This magnitude is similar to those assumed in the
HSPICE optical injection locking simulation [92] modelling photoconductive signal
injection. Also, compared to the responsivity of an ideal photodiode at 830 nm of
0.668 A/W, the result shows some gain. However, with regard to the appropriate
mechanism for the locking signal injection, the results offer no further clarification.

4.7

S u m m a ry

Photoeffects in a MESFET, and the optical control of frequency and optical
injection locking of a MESFET oscillator, have been described. The principal
photoeffects are a gate current flowing in proportion to the incident optical power,
and an optially induced change in the channel current. The responsivity of the
gate photocurrent shows an optical coupling efficiency of 22%. This is higher than
has been reported previously and probably is associated with the more efficient
illumination of the interdigitated gate configuration of the device used with a
circular illumination spot. The optical control of the channel current shows a
logarithmic dependency on the optical power, suggesting a photovoltaic effect is
the principal mechanism. The origin of this photovoltaic effect, however, cannot
be determined by the experiments.
The optical control of the MESFET oscillator shows a photovoltaic frequency
tuning effect exhibiting a logarithmic dependency on optical power similar, to that
measured by Sun et al [53], and a tuning range of 1.2% of the centre frequency,
similar to those in references [50][52][54]. A change in tuning characteristic at
high mean powers suggests that two mechanisms cause the overall frequency shift.
This conclusion is also apparant in the optical FM frequency response which shows
a low pass characteristic and slow roll-off similar to other work [53][54]. However
a wideband frequency response, measured for the first time, is observed when the
mean illumination power is high - above a few mW.
The mechanisms causing the low pass response are likely to be trap or surface
state related changes in gate junction capacitance. The multiple time constants
due to the wide variety of states will account for the slow roll-off observed. The
wideband responsivity may be due to directly induced changes in the gate
capacitance caused by illumination induced changes in the Fermi level.
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The logarithmic tuning response can be linearised to a limited extent by the use of
photovoltaic gate bias tuning effects, as described in Section 4.5.2. The linear
tuning constant can be arbitrarily defined by a suitable choice of the series gate
resistance. Also the frequency response can be manipulated, as demonstrated in
that section, by varying the value of the decoupling capacitor.
The characterisation of the optical frequency tuning response extends to the
derivation of a formula describing the optical frequency tuning effect. This was
derived from the static optical frequency tuning results. The formula allows the
static frequency tuning responsivity to be calculated under an arbitrary mean
optical power. Appropriate adjustment allows the effects of photovoltaic gate
biasing to be included.
Finally, optical injection locking was characterised. The injection locking range
was a few MHz with fractional locking ranges of between 0.1 and 0.2%. These
results are of a similar magnitude to those found in previous experiments with
MESFET oscillators [29][55]. Calculation of the effective locking current injected
into the chaimel shows currents of a few hundred microamps - similar in
magnitude to those found by large signal simulation [92].

C hapter 5

E x per im en ta l in v estig a tio n o f o p t ic a l ph a se l o c k in g sy stem s

5.1 I n t r o d u c t i o n
This chapter describes the experimental investigation the phase locking of a
MESFET oscillator by OPLL and OIPLL systems. The measured performance is
compared to optical injection locking at all points in the characterisation. The
experiments are directed towards demonstrating the results of the analytical
description derived in Chapter 3. The systems make use of the MESFET oscillator
and the optical control characterisation discussed in Chapter 4.
Section 5.2 describes the experimental arrangement for the phase locking systems.
Sections 5.3 and 5.4 address the tracking and phase noise suppression aspects of
the phase locking the three locking systems. Sections 5.5 and 5.6 investigate
limitations in the practical OPLL and OIPLL systems, considering in particular the
effects of loop delay in the PLL path and differential delay effects in the OIPLL.
Finally the main results are summarised in Section 5.7.

5.2 E x p e r i m e n t a l ARRANGEMENT
52,1 Setup details
The experimental arrangement is shown in Fig. 5.1. The optical intensity
modulated signal, which is generated by direct laser modulation, is divided by the
first beam cube. The 90° reflected path shown is focused onto a high speed
photodiode which detects the intensity modulated signal and acts as the input to
the PLL component. The through optical beam travels via a second beam cube
and is focused onto the oscillator to affect optical injection locking. The PLL is
formed by a balanced mixer, which acts as a phase detector detecting the phase
difference between the oscillator and the input signal, an active loop filter and a
laser which performs the frequency tuning of the oscillator. The frequency tuning
optical control beam is combined with the injection locking optical beam at a
second beam cube as indicated. The variable path length trombone line shown is
used to adjust the differential delay in the OIPLL system derined in Section 3.6.
The task of simultaneously focusing the two optical control beams onto the
oscillator via the bulk optical beam cube was difficult, so the experimental optical
coupling efficiency tended not to be as high as when the illumination was required
from a single optical beam. Experimentally the maximum optical coupling
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Fig 5.1 Experimental arrangement for the OIPLL system
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efficiency was 15%. A fibre-coupler was considered to remove the beam
alignment problem, however it was found that the additional loss introduced was
excessive.
The experimental arrangement shown corresponds to the OIPLL system. Optical
injection locking effects can be measured by blocking the optical beam path from
the frequency tuning laser. Similarly the OPLL system can be measured by
blocking the beam path between the two beam cubes.

5 2 2 Loop design
The loop design in the practical OPLL is complicated by firstly the large number
of variables which directly affect the loop amplification and secondly the need to
use photovoltaic gate biasing to linearise the optical frequency tuning response.
The filtering action of the photovoltaic gate biasing effect, however, was
insufficient to achieve the necessary second order loop filter response and so
additional active filtering was required.
Fig. 5.2 shows the overall experimental loop with appropriate parameters. The
filtering response of the second order type II loop response was achieved by the
series combination of the active loop filter, F(s), and the optical tuning response
Kq(s). Full details of the steps in the experimental system design are presented in
Appendix B. The loop parameters for the experimental locking systems employed
in Sections 5.3.1 and 5.3.2 are given by Table 5.1 below.

Table 5.1 Experimental system parameters

loop parameter
hold-in range, Awjj/2»r
lock-in range, Aa>jy2?r
natural frequency,
damping coefficieny, f

injection
locking
eqv. loop
1.35
1.35
—
—

OPLL

OIPLL
(a)

OIPLL
(b)

units

420
0.0576
54.4
0.53

420
1.35
54.4
12.4

420
1.35
419
1.6

MHz
MHz
kHz
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K. (s)
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-

Kh F ( s ) K . ( s )

—“ --------- 2----

where
F^s)
K„(s)

phase detector constant (mV/radian)
active loop filter response
effective oscillator tuning constant (rad s'^V"^)

and
Ko(s)
Kl
Gg
a

= G[,KLa<Co(s)
= laser responsitivity
= transimpedance gain of laser driver
= optical attenuation and coupling efficiency
optical frequency tuning response

Fig 5.2 Schematic of a phase locked loop using optical frequency tuning
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T r a c k i n g PERFORMANCE

Measurement of the tracking operation of the various locking systems can be used
to test the validity of the system analysis presented in Chapter 3. The analysis
shows that under small signal conditions each locking system can be descibed by a
PLL The tracking operation of a PLL is easy to derive from small signal analysis
and is descibed in Appendix A. Therefore the test reduces to measurement of the
tracking operation of the three systems and comparison with the response expected
from PLL analysis.
The static phase error and transient response of the three systems are measured
and compared.
S3 A Static phase error from frequency detuning
The static phase error resulting from frequency tuning from the free running
oscillator frequency was measured by network analyser. The network analyser test
signal output was applied to the laser optical signal source and its frequency swept
across the locking range. The sweep rate was kept as low as possible to minimise
the phase error due to acceleration of the input phase. The phase error was
displayed directly. Adjustment of the reference arm delay was necessary only to
match the test and reference arm paths to an integral number of wavelengths. This
was because the locking range was small and therefore the phase error due to
changes in the centre frequency was negligible.
Fig. 5.3 shows the static phase error variation with injected signal frequency for the
injection locked oscillator. The phase error is observed to vary sinusoidally with
frequency which is characteristic of injection locking; see Equation 3.19. Fig. 5.4
compares the injection locking phase error with that in the second order OIPLL
system. The ripple in the injection locking phase error (upper trace) is due to
mains pick-up which was eliminated for the result in Fig. 5.3. When the PLL
component of the OIPLL system is closed the static phase error equals zero across
the hold-in range.

5.3.2 Phase error transient response
The input locking signal frequency was switched by applying a square wave voltage
signal to the sweep oscillator frequency control port. The phase error transient
was measured directly from the DC-coupled output of the phase detector in the
PLL using an oscilloscope. Since the phase detector has a sinusoidal characteristic
the detected signal is not a true representation of the phase error. However a
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Fig. 5 3 Static phase error variation with input signal frequency for the optically
injection locked oscillator. Optical injection locking range = 1 MHz.

IM H z

Fig. 5.4 Static phase error variation with input signal frequency for (a) the optically
injection locked oscillator, and (b) a second order optial injection phase locked
loop. Optical injection locking range = 500 kHz, O IPLL natural frequency =
45 kHz.
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qualitative result for the phase error variation can still be recorded and some
information about the relative time constants derived.
5J.2.1 Transient response of optical iqjection locking
Fig. 5.5 shows the phase transient resulting from switching the input frequency to
the injection locked oscillator. The optical injection locking range was 1.35 MHz
and the frequency was switched by 395 kHz. The phase transient (lower trace)
closely follows the frequency switching control signal (upper trace) and results in a
static non-zero phase error. Expanding the time scale showed that the phase
transient easily followed the frequency switching response of the sweep oscillator
which was limited to a time constant of about 1 ns.
The high speed response of the injection locking effect is better illustrated by
observing the acquisition transient. This was measured by amplitude modulation
of the locking signal by 20 dB - this attenuation being sufficient to cause loss of
lock. The response, shown in Fig. 5.6, shows a form similar to that calculated by
White and Jones [93]. It was found that the form of the transient could be adjusted
by varying the pulse repetition frequency. This is due to the associated change in
initial phase error on which the transient depends. The acquisition transient
duration is approximately 1 /xs. Locking to a phase error of less than 5° occurs
within 10/ au>l [see Appendix A] which for the injection locking range of
=
1.35 MHz corresponds to 0.6 /xs. The measured result is in approximate
ag reement with this.
S 3 2 2 Transient response of OPLL and OIPLL systems
The phase transient response to frequency switching of the input signal in the
OPLL and two OIPLL systems are shown in Fig. 5.7. The loop parameters are
those indicated in Table 5.1. The transients all show the phase error reducing to
zero with time but have very different forms and durations: note the differing time
scales. The PLL (a) has a slightly under-damped response with the transient
showing a damped oscillation and a transient duration of about 80 /xs. The OIPLL
system with response (b) is the result of the addition of an injection locking link
but with no change to the PLL parameters. The response is considerably over
damped and has a transient duration of approximately 250 /xs. Increasing the
second order natural frequency substantially reduces the transient duration to 4 /xs.
The damping coefficient in the OIPLL system can be found from the measured
phase transient. In over-damped systems the decay time constant for the
exponential decay is equal to l/(w^(r - 7(f ^ -1))). The decay time constant in Fig.
5.7 (b) is measured as 63.7 /xs which, assuming u>j^/2rr = 54.4 kHz from Table 5.1,
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Fig. 5.5 Phase transient for the optically injection locked oscillator due to switched
input frequency. Optical injection locking range = 135 MHz. Top trace = FM
control signal; bottom trace = phase transient m easured by phase detector.

mm

Fig. 5.6 Injection locking acquisition phase transient. Top trace = AM pulsed input
signal; bottom trace = acquisition phase transient.
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(a) O ptical phase locked loop

(b) Optical injection phase locked loop (I)

(c) Optical injection phase locked loop (II)

Fig 5.7 Phase transients for the optical phase locked loop and the optical injection
phase locked loops due to switched input frequency. The system param eters are
given by Table 5.1. Top trace = FM control signal; bottom trace = phase error
at PLL phase detector. N ote different time scales.
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Fig. 5.8 Phase noise suppression by phase locking systems.
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corresponds to f = 11 + /- 2. There is good agreement with the calculated value
in Table 5.1.

5.4 O s c i l l a t o r PHASE NOISE SUPPRESSION
A feature of the phase locking effect is the suppression of the locked oscillator
phase noise sidebands within the phase locking bandwidth when it is locked to a
low phase noise source. The strength of the phase noise suppression effect
depends on the frequency response of the loop and, therefore, is different for the
three phase locking systems.
5.4.1 Measurement details
The power of the phase noise sidebands was measured directly by analysis of the
spectrum. This is the simplest method of phase noise measurement in which the
phase noise power readings are taken directly from the spectrum analyser display.
The method suffers from low sensitivity at low offset frequencies from the carrier,
but for the present purpose the sensitivity is adequate. An essential assumption is
that the oscillation amplitude noise is negligible compared to the phase noise, as is
the case with MESFET oscillators.
An HP 8568B, 0.1-1500 MHz spectrum analyser was used for the phase noise
measurement. This had sufficiently low phase noise that the noise of the
synthesiser, used as the locking source, was just visible on the spectrum analyser
display. Care was taken to adjust the input attenuation so as to maximise the
dynamic range. The noise readings were corrected for the effect of firstly the
Gaussian IF filter shape of the spectrum analyser and secondly logarithmic
amplification. The respective correction factors are -0.8 dB and + 2.5 dB. Each
reading was repeated four times and the mean value calculated for improved
accuracy.
5.4.2 Results
Fig. 5.8 shows the spectrum analyser display showing, qualitatively, the phase noise
suppression effects of optical injection locking, the OPLL the OIPLL systems with
respect to the free running oscillator. Considerable noise reduction is seen with
each locking method. Fig. 5.9 shows plots of the measured phase noise with offset
frequency. The OPLL and OIPLL parameters are equal to those in Table 5.1.
The line indicating the lower limit of the measurement refers to the phase noise
sidebands measured with the frequency synthesiser connected directly to the
spectrum analyser.
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Fig. 5.9
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(a)

Free running oscillator. The free running oscillator result corresponds to
the illuminated condition. The noise could not be measured at offset
frequencies below 30 kHz due to wandering of the centre frequency during
the measurement The slope of the line is approximately -27 dB/decade
indicating a response of between 1/f^ and 1/f^. This is to be expected in
free running oscillators and is caused by a combination of noise from
random walk and frequency flicker.

(b)

Injection locking. The injection locking shows wideband suppression of the
free running oscillator phase noise. The suppression effect extends to offset
frequencies up to 1 MHz which is approximately the injection locking
range. The phase noise sideband falls at approximately -7 dB/decade
indicating a 20 dB/decade suppression effect.

(c)

OPLL. The oscillator phase noise is suppressed within the loop bandwidth.
The second order response gives higher suppression than the injection
locking effect at low offset frequencies, below 2 kHz. However, the smaller
bandwidth gives no suppression effect outside 30 kHz.

(d)

OIPLL systems. The OIPLL systems produce lower phase noise in the
locked oscillator than both the injection locking and PIX systems. The
suppression follows that of injection locking at large offset frequencies and
therefore extends to at least the injection locking range. At low frequencies
the OPLL component give higher phase noise suppression, measured at
between 8 dB and 13 dB in the 3 kHz to 10 kHz range. The OIPLL system
with higher natural frequency gives further improvement in the noise
suppression at low offset frequencies.

^
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SA3 Discussion
The suppression factor (Appendix A/4.1) is given by |(1 - H(s))|^ where H(s) is
the transfer function of the particular phase locking system. For the first order
injection locking effect the suppression is:
s2
(s^ +

5.1

This gives a 20 dB/decade suppression within the injection locking range which
agrees with that measured above.
For the second order system the suppression is:
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Fig. 5.10 Experimental arrangement for the investigation of the effects
of loop delay. The delay was introduced into the PLL by
using approximately 1 km of optical fibre.
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5 .2

The suppression effect is higher in the second order than in the first order systems
at low offset frequencies. The result also shows that the high natural frequency
and well damped second order system will give a better suppression performance.
The phase noise measurement may be affected by AM noise at the system input.
However AM noise analysis for the OPLL and OIPLL systems in Appendix C
shows that the expected output phase noise sidebands resulting from the input
noise is negligible compared to the phase noise measured.

5.5

S ta b ility a n d e f f e c t s o f d e la y w ith in t h e

PLL

The experiment here investigates the effect of PLL delay on the stability of the
OPLL and OIPLL systems. These two were constructed with defined loop delay
and variable loop amplification in the PLL feedback path. Variation of the loop
amplification allowed the delay limited loop parameters for stable operation to be
measured experimentally. The experiment was performed with a considerably
increased loop delay, achieved by the inclusion of approximately 900 m of optical
fibre delay line into the PLL. This enables demonstration of the potential
advantages that the OIPLL might have with respect to delay limited operation in a
PLL.
The experimental arrangement is shown in Fig. 5.10. The optical fibre delay line is
introduced between the optically tuned oscillator and the laser source in the PLL
The increased attenuation, due to the fibre and reduced optical coupling efficiency
from fibre to MESFET, was removed from the loop parameter calculations by
measuring the modified optical oscillator tuning constant of the fibre and oscillator
combination. The loop amplification was varied by adjusting the gain of the loop
amplifier.
The exact delay of the fibre was measured beforehand by transmitting an intensity
modulated signal over its length and measuring the gradient of the phase ramp as
the signal modulation frequency was varied between 1 kHz and 1 MHz. The
measured delay was 4.46 +/-0.22 ns.
The overall loop delay can be estimated from the remaining loop path length:
approximately 0.4 m electrical length contributing under 20 ns. The bandwidth of
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the loop amplifier gives an additional instability effect, (Section 3.3.2.1). In the
present case, the effect of the 2 MHz bandwidth is similar to an additional 80 ns
delay. The overall loop delay is, therefore, 4.56 + /- 0.22 ns.
From Equation 3.28, the delay limited amplification for marginally stable
operation in a first order PLL is equal to (w/2r^). For the experimental
arrangement above, this limit is equal to 54.8 kHz. The injection locking effect in
the OIPLL will overcome this limit if the injection locking range is sufficiently
large. However the natural frequency in second order OIPLL will still be limited
to:
3 .3 4

5.5.1 PLL instability
Fig. 5.11 shows spectrum analysis of the locked PLL, including loop delay, with
various loop amplification and loop bandwidths. The loop parameters appropriate
for the various recorded results are indicated in Table 5.2.
The sequence displays the same PLL with increasing loop amplification, (a) shows
stable operation of the PLL system with a loop amplification of 6 dB below that
limited by loop delay. However, as the loop amplification is increased
progressively, the output shows the phase noise sidebands tending to peak at an
offset frequency equal to 45 kHz. (b) corresponds to the marginally stable

Table 5.2. OPLL system parameters for loop delay stability measurements
OPLL

(a)

(b)

(c)

(d)

unit

lock-in range
natural frequency
damping coefficient

23.1
9.6
1.2

59.6
15.5
1.92

148
24.4
3.03

218
29.6
3.7

kHz
kHz

Table 5.3. OIPLL system parameters for loop delay stability measurements
OIPLL

(a)

(b)

(c)

(d)

lock-in range
natural frequency
damping coeffi.

500
29.6
8.4

500
99.6
2.51

500
192
1.3

500
192
1.3

unit
kHz
kHz
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condition. Fig. 5.12 shows the transient response for this condition, illustrating
that despite the ideally large damping coefficient the response shows the
susceptibility for the system to oscillate when stimulated.
5.S2 OIPLL instability
Fig. 5.13 shows a similar sequence of spectra corresponding to the OIPLL system
with varying loop amplification in the PLL component. The injection locking gain
is constant at 500 kHz throughout, and the other loop parameters are shown in
Table 5.3. Increasing the PLL amplification increases the OIPLL natural
fi^equency. Fig. 5.14 shows phase transients resulting from fi-equency switching for
the same conditions.
(a)

The PLL component for the OIPLL system with spectrum 5.13 (a) is equal
to the marginally stable OPLL system producing Fig. 5.11 (b). The addition
of the injection locking effect reduces the instability and removes the
peaking in the phase noise sidebands. However the damping coefficient
becomes very large giving a long transient duration of over 500 /iS (Fig.
5.14(0).

(b)

Increasing the natural frequency, by increasing the PLL gain, improves the
phase noise suppression and phase transient response.

(c) and (d) Increasing the natural frequency to the limit of Equation 3.34 results in
the loop being poorly damped and susceptible to oscillation. The difference
in natural frequency separating these two results was very small and
appeared as a threshold.
The threshold condition was measured
experimentally a number of times. Table 5.4 compares the measured
threshold to that calculated from Equation 3.34. In all cases the measured
threshold is of similar magnitude to that calculated.

Table 5.4. Theoretical and measured limits to natural frequency in delay limited
OIPLL (all frequencies in kHz)
injection
locking range
Aw^yZfr
0

500
600
800
850
1100

theoretical
threshold
< (l/2w)y(k^/r^)
134
146
169
174
198

measured
threshold
192
194
181
251
255
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Fig. 5.11 Phase noise peaking in optical phase locked loop output spectrum due to
loop delay. The sequence shows the effects of increasing loop amplification and
loop bandwidth. The system parameters are given by Table 52.
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Fig. 5.12 Phase transient with switched input signal frequency for the optical phase
locked loop with loop delay causing marginal stability.

CHAPTERS

108

(a)

(b)

e. t i 4 T i S J i

.» .- v .^ , W < ÏL-=V

i i l l l S i

(C)

(d)
< 1,47*3 O d v^vflPM 1 M d /

i s i i i a

i i i ü

SUIOM d - .‘HyW OFF

ü

Fig. 5.13 Phase noise peaking in the optical injection phase locked loop output
spectrum due to delay in the phase locked loop component. The sequence
shows the effects of increasing the natural frequency. The system parameters
are given by Table 53.
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Fig 5.14 Phase transients with switched input signal frequency for the optical injection
phase locked loop with PLL loop delay and varying loop natural frequency. The
system param eters are the same as those for fig. 5.13 and are given by Table 5.3.
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5.6 D ifferential DELAY
Differential delay in an OIPLL system reduces the effectiveness of the
combination of the injection locking gain with the PLL loop gain. In second order
type n loops certain values of the differential phase will cause the OIPLL to be
unstable, making locking impossible.
5.6.1 Gain competition
The variation in combined gain with differential delay was measured in a first
order OIPLL In the first order system the loop gain defines the lock-in range in
rad s"^ and therefore measurement of the latter enables the loop gain to be found
conveniently. The OIPLL lock-in range was measured directly by manually
sweeping the input signal frequency and monitoring the locked spectrum on the
spectrum analyser. The differential phase was varied via the trombone line phase
shifter at the PLL phase detector input.
From Section 3.3.3.1 the first order open loop transfer function can be written as:
G(s)

-

*^1

s

5 .3

where
and
are phase errors measured across the injection locked
oscillator and at the PLL phase detector respectively. The phase errors are related
to the differential phase, and loop gains of the the injection locking effect and PLL
by Equations 3.35 and 3.37.
The lock-in ranges for the injection locking effect and PLL were 1.15 MHz and 350
kHz respectively. With this difference in loop gain magnitudes it can be shown,
from Equations 3.35, 3.37 and 5.3, that the maximum phase error at the oscillator,
$QgQ, is always less than 5% of 2?r. This is equal to the tolerance in setting the
differential phase to zero and therefore can be ignored within the accuracy of the
experiment. In this case
f
G(s) can be re-written:
G(s)

_

s

5.4

The OIPLL first order loop gain and therefore lock-in range is predicted to vary
according to:
Awl

-

+

KpCos[^^^££]

5 .5

Fig. 5.15 shows the measured lock-in range variation with path length introduced
by the trombone line phase shifter. The centre frequency for the experiment was
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1.35 GHz which corresponds to afree-space wavelength of 0.24
m.Theplotted
results do indeed show a sinusoidal variation in lock-in range with a correct period.
The maximum and minimum values of lock-in range from the graph are:
maximum lock-in range

= 1.5 MHz + /- 0.02

minimum lock-in range

= 0.4 MHz + /- 0.02

The results correspond exactly to the theoretically calculated variation of between
K. + K
Kp and K - Kp.
The results confirm that for non-zero differential phases the effective summation
of the injection locking and PLL loop gains is reduced. Furthermore for
differential phases of greater than ?r/2 the resultant loop gains are formed by a
subtraction of the individual gains.

5.62 Differential delay in second order type II OIPLLs
In a second order type II loop, the integrating action of the PLL reduces the phase
error at the phase detector to zero. The differential phase appears in its entirety at
the injection locked oscillator, tending to reduce the effective injection locking
gain contribution to the overall loop gain for non-zero differential phase values.
However, unlike the sinusoidal nature of the PLL phase detector, the injection
locking effect cannot sustain a phase difference greater than n jl. Therefore, if the
differential phase exceeds this value, the system fails to lock.
The failure to lock associated with large differential phase errors is illustrated by
Fig. 5.16. This shows a sequence of photographs taken from the spectrum analyser
as the input signal frequency is swept towards and past the unlocked oscillator.
The spectrum shows the unlocked oscillator signal as the highest power peak, with
the input signal and the beat note spectrum resulting from the fi*equency
modulation of the main oscillation by the injected signal. The sequence shows the
input signal tuning towards the main oscillation from a lower frequency (the left).
As the input signal approaches, the main oscillation is tuned away in frequency.
The input appears to push the main oscillation along before it. Eventually the
frequency pushing saturates, after 8 MHz, and the oscillation reverts to its original
values.
This behaviour can be explained in a similar way to the occurance of pull-in.
Signal injection within the pull-in range generates a frequency modulation
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Fig. 5.15 OIPLL lock-in range variation with
differential path length
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Fig. 5.16 Spectrum analyser display seq u en ce show ing the failure o f the optical
injection phase locked loop to lock w hen the injection locking and phase locked
loop act in op p osition .
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spectrum, one component of which equals the injection signal frequency and
generates a DC component at the phase detector output. In a normal second
order PLL, integration of this output causes the oscillator to tune into lock.
However, in the OIPLL the spectrum generation is primarily due to the optical
injection locking effect which is phase shifted relative to the PLL on account of the
differential phase. The result is the integration of the phase detector output which
tunes the oscillator away from the injected signal frequency. This produces the
frequency pushing effect.

5.7

S um m ary

Experimental systems demonstrating the use of optical control techniques to
achieve phase locking of a MESFET microwave oscillator have been described.
Phase lock was achieved by using optical frequency tuning in a phase locked loop
(OPLL) and a combination of optical injection locking and optical frequency
tuning in an injection phase locked loop system (OIPLL). The latter system is
believed to be the first demonstration of an optical injection phase locked loop.
The tracking response and phase noise suppression experiments confirm the
validity of the system analysis presented in Chapter 3. The results also illustrate
the differences between the operation of the OPLL, OIPLL, and the optical
injection locking effect. The former two may act as second order systems. They
operate with zero static phase error compared to the frequency dependent phase
error with the injection locking effect, and higher phase noise suppression at low
offset frequencies.
Further experiments with the OPLL and OIPLL systems confirm results predicted
in Chapter 3. The effect of delay is shown to cause instability in the PLL.
However the optical injection locking effect is not affected by the delay and
therefore the OIPLL may have a loop gain and loop bandwidth larger than the
delay limit of the OPLL. This effect is demonstrated in a phase locked loop with
loop delay of 4.6 /is giving a PLL gain bandwidth limit of 55 kHz. The destabilising
influence of the delay is observed in the PLL when the lock-in range is about 55
kHz. However in the OIPLL system a lock-in range of 500 kHz showed no such
effect.
The added weight of the injection locking gain tends to stablise the PLL gain
enabling the second order gain to be increased above the delay limit present in the
PLL loop in isolation. Results show stability in an OIPLL system with loop delay
of 4.6 fiS and natural frequency 99.6 kHz with an optical injection locking range of
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500 kHz. This limit to the natural frequency was observed to be approximately 200
kHz which is in approximate agreement with the derived limit of 7(K^/r^).
Finally, the effects of differential phase in the OIPLL system were demonstrated.
For a differential phase of zero or m^ the injection locking gain and phase locked
loop gain sum optimally. The second order type II system was shown not to
achieve lock when the differential phase was
f < -*/2 or
> */2. In the
first order system, the non-zero differential phase reduces the vector summation of
the loop gains from the PLL and injection locking effect. There is a net
subtraction if
is outside the range - * / 2 <
< */ 2 .
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C hapter 6

P r a c t ic a l o p t ic a l p h a s e l o c k in g s y s t e m s

6.1 I n t r o d u c t i o n
This chapter considers practical systems applying optical control techniques to
phase locking of microwave and millimetre wave oscillators. Three phase locking
systems are discussed: optical phase locked loops (OPLL), optical injection locking
and optical injection phase locked loops (OIPLL). Calculations to establish the
system parameters are based on estimated sensitivities from the review in Chapter
2 and the experimental work of Chapter 4, and using the analytical model
described in Chapter 3. The likely performance of the practical systems is also
considered qualitatively.
The chapter is divided into three parts corresponding to the three optical phase
locking systems under consideration: Section 6.2 considers the use of optical
frequency tuning in a phase locked loop, Section 6.3 considers the optical injection,
and Section 6.4 considers the optical injection phase locked loop.

6.2 O p t i c a l f r e q u e n c y t u n i n g in a p h a s e l o c k e d l o o p
Oscillator frequency control can be used to replace electronic control of the
oscillator in a phase locked loop. The modification involves the introduction of a
light source and driver circuit, and coupling optics into the loop Fig. 6.1. The
optically controlled oscillator can be assembled as a single housed unit using bulk
optical components to focus light from the laser or LED source to the oscillator.
Alternatively, the oscillator can be assembled as a fibre pig-tailed unit and
controlled from a similarly fibre pig-tailed light source. The latter approach,
however, may increase unduly the loop delay and so limit the loop bandwidth.
The changes in the loop operation arise from modification of the oscillator tuning
response. This can be represented in small signal analysis of the OPLL by a
modifîed oscillator tuning constant K^*(s) due to the combined effects of the
optical source, driver circuit and coupling optics. The frequency dependency may
arise due to the modulation response of either the laser or the optically tuned
oscillator.
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Initial consideration. Section 6.2.1, neglects the frequency response and calculates
the magnitude of
* assuming an optical tuning sensitivity equal to the static
value. The OPLL loop amplification is calculated in Section 6.2.2. Details of the
optical tuning frequency response, linearity and maximum tuning range and their
affect on the OPLL operation are discussed qualitatively in Section 6.2.3.
In practice a heterodyne loop, shown in Fig. 6.2, is more likely to be employed to
phase lock at microwave frequencies. The heterodyne loop involves downconversion to an intermediate frequency (IF) and a second fixed frequency IF
oscillator for phase detection. The input bandwidth of a simple loop without the
IF stage would have to be sufficiently wide to accept the complete tracking range
and therefore pass an unnecessarily large amount of noise. The use of the
heterodyne configuration allows reduction of the input bandwidth to the phase
detector. This would improve the loop signal-to-noise ratio and the loop sensitivity
to the input RF signal power, whilst retaining the ability to track a widely varying
signal frequency. Furthermore, the IF amplifier and limiter define the phase
detector constant independently of the input signal power. The operation of the
optically controlled oscillator and its effect on the loop operation is identical to the
simple loop scheme of Fig. 6.1.

6JL1 Effective oscillator tuning constant

The effective oscillator tuning constant,
*, is a function of the light source and
driver circuit, the coupling optics and the optically controlled oscillator.
Neglecting the frequency response of these components,
• can be written;

K l is the responsivity of the laser or light emitting diode (LED) light source with
the units W/A, Gp is defined here as the driver transimpedance, a is the optical
coupling efficiency and
is the sensitivity of the oscillator frequency to optical
power, referred to as the optical tuning responsivity, with units rad s"^/W. The
overall units of both sides of 6 . 1 multiply to rad s"^
(a)

Optical tuning responsivity, k^. Optical tuning sensitivities in a number of
different oscillator types are presented in Table 2.2. The values in the table
refer to changes in frequency with optical power from the source and
therefore include an optical coupling efficiency term o. The linearity of the
optical tuning response is dependent on the particular method of optical
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control. Optical tuning responsivity can only be defined for linear cases; a
representative estimate from Table 2.2 is k^(s)/2 it = 10 MHz/mW.
(b)

Optical coupling efficiency.
With few exceptions, optical control
experiments have been performed on devices which have not been designed
for optical control.
The optical coupling efficiencies achieved
experimentally have been poor, typically a few percent or lower (see
Chapter 2). Therefore there is considerable scope for improvement
through developments to the device design or structure.
Investigation using a windowed metal contact in an IMPATT diode have
yielded 25% optical coupling efficiency. The results of Chapter 4 show an
improvement to 22 % in a MESFET simply by employing a device with an
interdigitated gate structure. Improvement may be possible to the levels of
coupling efficiency attained by a photodiode. At bandwidths of a few GHz
coupling efficiency in PIN photodiodes of up to 70% can be achieved. At
high frequencies, however, this value decreases due to the reduction in
device size necessary to minimise the device capacitance and retain the
wide electrical bandwidth. A high efficiency coupling value of 50% has
been obtained at millimetre frequencies in an edge-coupled PIN
photodiode [94].

(c)

Optical source responsivity,
The optical source responsivity is the
efficiency with which the bias current is converted to photon flux and the
photon energy. Commercial unpigtailed Fabry-Perot type lasers at 830 run
generally exhibit responsivities of between 0.4 to 0.5 W/A. LEDs have a
lower responsivity and typically exhibit between 0.02 and 0.03 W/A [95]

(d)

Transimpedance amplifier gain, G^. Wide DC-coupled bandwidths are
important to achieve wide loop bandwidth operation. Commercial laser
drivers operating to 1 GHz are readily available offering 0.1 ohm"^ to 0.01
ohm"^ transimpedance gain.

Assuming the values for aK^/2n of 10 MHz/mW,
of 0.5 A/W and Gp of 0.1
ohm"^; the effective oscillator tuning constant is calculated to be
/2ir = 500
MHz/V. If the coupling efficiency is increased to 50 %, assuming a linear
relationship between frequency tuning and optical power, then this value will
increase to several GHz/V.
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62.2 Loop amplification and loop bandwidth
From Section 3.2.1 the PLL loop amplification,
= AK^ *K^, is a function of the
VCO constant, the phase detector constant, and any amplification within the loop.
(a)

Phase detector constant, K^. Phase detection normally can be performed
by mixer. Assuming the local oscillator power is sufficient to saturate the
mixing device the phase detector constant will be a function of the power at
the signal port only. In the heterodyne loop of Fig. 6.2 the signal power to
the phase detector is amplified, limited and attenuated to an arbitrary
constant value prior to phase detection. Consequently the phase detector
constant is independent of the RF signal power at the loop input.
The loop will be designed to provide adequate IF signal power to the phase
detector without applying excessive IF amplification. A typical magnitude
might be -20 dBm. Assuming 6 dB insertion loss, it is easy to show [see
Appendix B]:
Kd

-

Therefore if PjFsig “ -20 dBm and
approximately 16 mV/rad.
(b)

6.2

= 50 n then

equals

Loop amplifier gain, A. The maximum loop amplification is limited by
considerations of loop delay and DC-coupled bandwidth. For wide
bandwidth PLLs, the loop amplifier is the main source of loop delay apart
from the physical path length of the loop. From Section 3.3.1.1, loop delay
of
restricts the loop bandwidth of a first order loop to (l/4r^) Hz. A
conservative estimate for the loop delay in a PLL might be for an electrical
path length of 50 mm corresponding to a delay of 166 ps. In this case, the
bandwidth limit for marginal stability in a first order loop is 1.5 GHz whilst
a requirement for a gain margin of 15 dB reduces this limit to less than 400
MHz. Delay in the loop amplifier contributes additional loop delay and
reduces this limit further, for example group delays in operational
amplifiers are typically 3 to 7 ns which would limit the PLL bandwidth to a
few tens of MHz.
A low group delay circuit has been described employing parallel
combination of AC and DC coupled amplifiers [96]. The combination
amplifier exhibited 20 dB gain with a 3 dB bandwidth of over 200 MHz and
a group delay of 800 ps. When incorporated the combined effects of the
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bandwidth limitation and loop delay restricted the marginally stable loop
bandwidth to 93 MHz.

Assuming
• = (2»r).500xl0^ rad s‘^/V,
= 16 mV/rad, and a maximum DC
coupled loop amplification of 20 dB, the overall loop amplification is 5.03 x 10^ s"
^ giving an effective lock-in range of 800 MHz. With improvements in optical
coupling efficiency leading to a direct increase in optical tuning responsivity,
potentially this value can increase to over 20 GHz.
The overall loop amplification possible using the optically controlled oscillator is
very high and exceeds the bandwidth limit set by stability considerations and the
likely loop delay. The maximum bandwidth in the practical optical phase locked
loop therefore will be the same as that limited by delay and bandwidth
considerations present in conventional loops - which is in the hundreds of MHz
range.
6JL3 Practical system aspects
As mentioned previously in the section above, the characteristics of the optical
tuning response will affect the OPLL operation. These effects were ignored in the
loop gain calculation but may restrict the loop bandwidth.
623.1 FM frequency response
A low pass FM frequency response of the optically tuned oscillator will restrict the
loop bandwidth for stable operation of the loop. Restriction in the optical tuning
response bandwidth can be caused by either the optical control characteristic of
the oscillator or the particular light source and drive circuitry. Section 3.3.1
showed that the loop bandwidth should be resticted to less than the bandwidth
limitation of the loop components for an acceptable gain margin.
The intensity modulation response in lasers can be several GHz. In this case the
loop bandwidth limitation is more likely to arise from the optical frequency tuning
response of the oscillator. Optical FM frequency response has been measured on
relatively few occasions. With only a few experiments to draw upon, the estimate
consequently is vague. Section 2.1 refers to theoretical study of tuning in a 94 GHz
IMPATT device. Tuning in this case was extremely fast with rise times
corresponding to GHz bandwidths. Experimental measurements on IMPATT
oscillators, however, have exhibited considerably lower limits: thermal effects were
said to account for a 3 dB shoulder at approximately 1 MHz in the frequency
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response on the 8.7 GHz IMPATT oscillator reported by Chui et al. [46]. High
frequency modulation responses were not investigated.
The few reported examples of optical frequency tuning bandwidths in MESFET
oscillators show the bandwidth to be extremely limited [53][54]. The results of
Chapter 4, however, contradict these results showing a dispersive effect at low
intensities but a wideband tuning response extending to over 100 MHz if the
optical tuning signal power is high. It remains to be seen whether this effect is a
fundamental property of MESFETs or a peculiarity of the device or circuit used in
the experiments. Such analysis is beyond the scope of the present work.
The frequency response employing indirect optical control techniques has not been
measured. However, modulation at 130 MHz was demonstrated in a MESFET
oscillator tuned via the optically modulated frequency of a DRO resonator [62].
6 2 3 2 Linearity
Non-linearity in the tuning response refers to changes in the tuning sensitivity with
mean illumination power. Such non-linearity must be accommodated by suitable
pre-shaping of the error signal so as to counteract the non-linearity. Non-linear
active or passive circuitry can be used to this end but inevitably will increase the
loop delay thereby reducing the loop bandwidth delay limit, and may introduce
addition poles into the frequency response.
As discussed in Chapter 2, the linearity of the optical frequency response is a
function of the control mechanism and therefore the oscillator type. IMPATT
oscillators show linear dependency on optical power. Both indirectly and directly
controlled MESFET oscillators show poor tuning linearity. The tuning response
described in Chapter 4, measured for the directly controlled MESFET oscillator,
shows a logarithmic characteristic with an irregularity at higher mean powers. The
response can be linearised over a limited tuning range by photovoltaic gate biasing.
However this changes the uniformity of the frequency response, thereby
introducing the bandwidth limitations discussed above.
6 2 3 3 Tuning range
The maximum tuning range depends on the oscillator type and the available
optical power for the optical source. Commercial GaAs/AlGaAs lasers operating
at 830 nm can generate up to 30 mW but experimentaly devices have been
demonstrated producing several hundred milliwatts of optical power [97].
Tuning in IMPATTs is linear and therefore the total range is the product of the
available optical power and the tuning sensitivity. Assuming a tuning sensitivity of
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10 MH/mW and optical power of 100 mW the maximum tuning range will be 1
GHz. At high intensities quenching may be observed, although experiments show
this to be the case with optical powers of several hundred mW (see Chapter 2).
With the tuning mechanism in MESFETs dominated by changes in gate-source
capacitance, Cgg, the maximum range is restricted by the change allowed in Cgg.
Sun et al [52] predicts a maximum change of 5% of the oscillation frequency.

62A Summary and discussion
The optical frequency tuning optical source can be incorporated into the
microwave structure quite easily. Problems with the assembly and the focusing of
the illumination into the device will be of similar complexity to fibre pig-tailing of
lasers or photodiodes and therefore should not present much difficulty.
The effective oscillator tuning constant and loop amplification calculations show
that the tuning sensitivity of the optically tuned oscillator is more than adequate in
achieving a practical wideband microwave PLL. The optical tuning responsivity
magnitude assumed for the calculations was 10 MHz/mW which was shown to be
capable of achieving a loop lock-in ranges in excess of 800 MHz. Larger gains are
possible by increasing the optical frequency tuning sensitivity. This is possible
through improvements to the optical coupling efficiency to the active device in
direct optically controlled oscillators. The maximum loop amplification is similar
or greater than the limit imposed by stability and the loop delay in practical loops.
Other characteristics of the optical tuning response may restrict the applications.
Desirable tuning properties such as wideband optical tuning frequency response,
good linearity and a large tuning range have not been demonstrated collectively in
any optically tuned oscillator. Direct optical tuning in MESFET oscillators has
shown highly dispersive frequency response at modulation frequencies below 1
MHz with the experiments of Chapter 4 indicating that this effect is superseded by
a wideband response at high mean powers. However tuning is highly non-linear
and therefore requires equalisation circuitry which will slow the process.
Photovoltaic tuning will linearise the response to a limited extent, but with the
restriction of limited operating bandwidth. The tuning range is also limited by the
non-linear tuning effect and poor optical coupling efficiency.
Compared to optical tuning in MESFET oscillators, IMPATT oscillators show
some encouraging features such as linear tuning response and a theoretically wide
bandwidth. Improved optical coupling will lead to optical tuning ranges of several
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GHz. However experimental measurement of the tuning bandwidth has shown a
disappointing low modulation bandwidth limited to a few MHz.
For the use of optical frequency tuning to be considered, the response of the
tuning must lead to advantages in performance compared to electronic frequency
tuning methods for example using varactors. Varactor tuning enables frequency
modulation up to 100 MHz, and tuning ranges of up to an octave in transistor
oscillators, and a few percent in IMPATT or Gunn diode oscillators [98]. Optical
tuning responses have shown more limited performance with regards to both
bandwidth and tuning range. However there is potential improvement, firstly in
increasing the tuning range through specialised devices design, and secondly in
wide bandwidth modulation response from the evidence of Chapter 4 in MESFET
oscillators. Therefore research is required in this direction.

63

O p t i c a l INJECTION LOCKING

Optical injection locking allows direct phase locking of a microwave oscillator to
an intensity modulated optical signal. The phase locking effect is fundamentally
different to the OPLL in Section 6.2 in that phase locking is performed by an
optical signal. The application of the technique therefore is limited to the
reception of microwave modulated optical signals.
Assuming conditions appropriate for description by an Adler-type equation
(Section 3.2.2) the optical injection locking effect can be described as an ideal first
order phase locked loop (Section 3.2.2.1). In this case the performance is
completely defined by calculation of the optical injection locking range which
defines the equivalent phase locked loop open loop gain.
Therefore the assessment is brief. Using the general expression for optical
injection locking, Equation 4.11, a representative estimate for the optical injection
locking coefficient, 7 , is calculated from the results reviewed in Chapter 2. These
values for 7 plus the experimental results of section 4.6 allow calculation of the
injection locking ranges under various operating conditions.

63.1 Optical injection locking sensitivity
Interest here is in direct optical injection locking, as opposed to indirect methods,
which requires additional microwave components to achieve the desired injection
locking effects.
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Equation 4.11 expresses the direct optical injection locking range hence:

Of the published optical injection locking experiments, sufficient data to calculate
m-y is disclosed in two:
(i)

IMPATT oscillator. Seeds and Forrest [28] describe the optical injection
locking of a 7.8 GHz, 10 mW IMPATT oscillator using 5 mW modulated
laser. The oscillator Q was 20 and the optical injection locking range either
side of the centre frequency was 0.5 MHz. The modulation depth was
uncertain since the locking was to the third harmonic of the laser
modulation frequency. However this may be considerably less than unity.
From Equation 4.11, m^ can be calculated as 0.0256
The estimated
optical coupling efficiency, defined in Section 2.2.3.2, was 1.5%.

(ii)

MESFET oscillator. De Salles and Forrest [29] describe the optical
injection locking of a 2.35 GHz, 2 mW MESFET oscillator. The oscillator
Q was 40, the laser optical source produced 1.5 mW, and the maximum
measured optical injection locking range either side of centre was 2.5 MHz.
Again from Equation 4.11 m-y can be calculated as 1.26
The optical
coupling efficiency was not specified.
However in terms of the
photocurrent in the gate circuit (Section 2.2.4.3 and Section 4.4.1) a value of
less than 1 % can be estimated from the plotted results.

The difference between these values is due to the differences in optical modulation
depths and optical coupling efficiency.
The results of Section 4.6 indicate an optical injection locking coefficient for the
MESFET oscillator of 6.03
The optical coupling efficiency in this case was
20% which partly accounts for the increase in 7 over the value for the MESFET
oscillator above.

6.3.2 Optical ii\jection locking range variation with operating conditions
The values for 7 allow comparison of the optical injection locking sensitivity
between oscillator types. The optical injection locking range that may be achieved
in a practical application is dependent on a number of the operating conditions:
oscillator power and quality factor, oscillation frequency, and the available optical
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signal power. For calculation of the magnitude of the optical injection locking
range and comparison with the locking bandwidth achieved by an OPLL* it is
convenient to define an arbitrary set of parameters.
From 4.11 maximum locking ranges will be achieved with small values for the
oscillator power
and quality factor Q, and high values for the operating
frequency
and optical signal power mP^j^. For initial consideration the
parameters are set to
= 10 mW. u>J1<k = 10 GHz. P^j^ is left as a variable.
Care must be taken not to violate the small signal injection conditions appropriate
for Equation 4.11. Assuming small signal refers to a locking gain of
= 20
dB, and the values of Q and
above, then this condition restricts consideration
to conditions in which
<1%.
Fig. 6.3 shows optical injection locking ranges calculated from Equation 4.11 under
the conditions described. The dashed line shows the 1% locking range which
indicates the region of large signal injection in which the analytical model begins to
fail. The injection locking performance for the MESFET oscillators projected to
these conditions indicate locking ranges of between 10 MHz and 100 MHz at an
optical signal power of 1 mW. This locking range is comparable to that obtained
by the OPLL discussed in Section 6.2. The ranges predicted for the IMPATT
oscillator are considerably lower on account of the locking to the harmonic of the
directly modulated laser optical signal source.
Direct increase in the optical injection locking ranges may be achieved through
improvements to the optical coupling efficiency due to the direct proportionality
between the injected locking signal current and the locking range. Increases in the
coupling efficiency to between 50% and 70% may be achieved (Section 6.2.1(b)).
An increase in locking range of between 15 dB and 17 dB may be achieved in the
IMPATT and between 4 and 5 dB for the MESFET oscillator of Chapter 4. In the
MESFET case, the increase is not strictly appropriate since the optical coupling
efficiency is defined in terms of the photocurrent in the gate circuit. This contrasts
with the mechanism for the optical injection locking effect which is most probably
the photoconductive effect in the channel (Section 4.6). However the formal
approach is justified in provided an order of magnitude estimate for the increase
that may be achieved.
Fig. 6.4 shows the optical injection locking ranges for the IMPATT and the
MESFET oscillator, assuming an increase in optical coupling efficiency to 50%
and in the operating frequency to 40 GHz. The frequency shift from 10 GHz to 40
GHz gives a four times increase over the results of Fig. 6.3. The plot shows a
locking range of several hundred MHz at an optical signal power of 1 mW for the
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Fig 6.3 Optical injection locking ranges in
practical microwave oscillators
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MESFET oscillator. This order of magnitude is in excess of that achieved by
phase locked loops making the technique very attractive. The IMPATT result
shows that using harmonic injection can still achieve locking ranges in the 10 MHz
to 100 MHz range at 1 mW optical power.

6 3 3 Summaiy and discussion
Optical injection locking will achieve oscillator phase locking by purely optical
means. It is fundamentally different from the OPLL discussed in Section 6.3 in
that the phase locking is performed by an optical locking signal. The application
of the technique therefore is restricted to the role of reception of microwave
optical signals.
In practice the optical injection locking ranges are very dependent on the
operating conditions in which optical injection locking is applied. Assuming an
oscillator output power of 10 dBm, a loaded quality factor of 10 and an operating
frequency of 10 GHz, the optical injection locking ranges are calculated to be
between 10 MHz and 100 MHz. Increases in the locking ranges can be achieved
by improving the optical coupling efficiency and operating at high frequency. For
example, assuming a coupling efficiency of 50% and 40 GHz operating frequency,
optical injection locking ranges of several hundred MHz may be achieved with
similar output power and quality factor.
Optical injection locking as a method of phase locking is of limited use due to its
first order nature. This endows it with an acquisition range and tracking hold-in
range equal to the injection locking range, and a static phase error which varies
widely with locking frequency.

6 .4 O p t ic a l in j e c t io n p h a s e l o c k e d l o o p

The OIPLL is formed by the combination of the two systems discussed above. The
discussion of its performance in practice therefore can draw on the results already
presented.
Fig. 6.5 shows a schematic for the practical implementation of a microwave optical
IPLL. The system combines an OPLL, identical to that described in Section 6.2,
with optical injection locking. Beam cubes divide the incoming optical signal at
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the input) and also combine the injection locking and frequency tuning optical
signals for illumination of the oscillator. The differential delay can be adjusted by
changing the position of the division point as indicated in the diagram. Optical
fibre components can be used to ruggedise the assembly. Fig. 6.5(b) shows the use
of 2x2 fibre couplers to divide and combine the optical signals. The differential
delay can be accomodated by additional fibre delay line. The differential phase
can be adjusted by stretching the fibre length, for example by looping the fibre
around a piezo-electrically expanding cylinder.

6.4.1 Loop gain
The system can be described conveniently by the small-signal analysis presented in
Section 3.2.3. The approach is to calculate the OPLL and optical injection locking
loop gains individually. Providing the differential delay is adjusted to zero, these
two loop gains act in parallel allowing formulation of the overall system transfer
function. The OIPLL open loop transfer function is formed by the parallel
combination of the PLL and injection locking systems:
G o iL P p ( s ) - GpLL(s) + G ^ ^ j ( s )

6 .3

G inj (s) is defined by the optical injection locking range which is a function of the
system operating conditions as shown above. However G p^(s) can be designed
independently within the constraints of the loop delay and stability requirement
and the optical frequency tuning response.
As a result the field of application of the OIPLL must consider the two gains
simultaneously. In the OIPLL, the attraction of the optical injection locking effect
is to provide a wideband first order loop gain to the combination that otherwise
might not be possible with the PLL in isolation. The OIPLL therefore is beneficial
under the conditions in which the injection locking range exceeds the PLL first
order bandwidth. The appropriate conditions can be established from the
discussion of Section 6.2 and the calculated optical injection locking ranges.
Practical aspects of the optical modulation response and linearity will probably
make it difficult to achieve OPLL bandwidths much in excess of 10 MHz (Section
6.2). The analysis of Section 6.3 shows that 100 MHz locking range can be
achieved by injection locking. However the oscillator parameters and operating
condition and also the power of the optical signal, are all important in determining
the locking range. Therefore they affect the relative advantage of the OIPLL.
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It should be noted at this stage that the sensitivity of the OIPLL should take into
account the losses in feeding the optical signal to both OPLL and IPLL inputs (see
Fig. 6.3). In general this will incur a 3 dB degradation in sensitivity compared to
the plots of Fig. 6.3 and 6.4. This loss can be reduced if necessary by using an
uneven power split and feeding the OPLL input with a lower level of optical
power. A further 3 dB loss may be incurred in the coupler used for the
superposition of the controlling optical signals on to the optically controlled
oscillator.

6.4.2 Practical ^stem aspects
6.4.2.1 OIPLL natural frequency
In Section 3.3.1.4 it was shown that the injection locking effect may allow the
natural frequency of a delay limited phase locked loop to be increased above its
delay limit value. This advantage may be observed in the OIPLL system if the
optical injection locking range is sufficiently large.
Assuming a damping coefficient of 1/72 for the delay limited PLL» the natural
frequency may be increased above its delay limited value if the injection locking
gain
exceeds the limit K^. > 0.78Kp |
For a loop delay of 1 ns, the PLL
gain limit from Equation 3.28 is Kpliimit/(2^) < 250 MHz and the requirement
on the optical injection locking gain becomes K^/(2w) > 195 MHz. The results of
Fig. 6.3 and Fig. 6.4 show that optical injection locking ranges of this magnitude
are only apparent in high frequency applications with devices of high optical
coupling efficiency. Therefore increases in the natural frequency above the delay
limit will be possible in very few cases.
6 4.2.2 Pull-in operation
Pull-in operation (Appendix A) in practical PLLs can be limited by saturation of
the integrating loop filter by DC-leakage currents and offset voltages in the active
loop filter. Saturation can be avoided by reducing the DC amplification. However
this reduces the loop pull-in range correspondingly.
In the IPLL system the first and second order loop gains are physically separate.
The injection locking gain provides an effective feedback path and signal distortion
regardless of the state of the DC amplifier. Pull-in is enabled, provided the mean
DC component of the beat signal due to the direct signal injection is greater than
the offset causing saturation of the integrating amplifier.
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Runge [70] demonstrates improvement in pull-in operation by increasing the pullin range from 18 kHz, in a PLL, to 9.6 MHz in a IPLL. The two loops were
otherwise identical with respect to the natural frequency and damping coefficient.
In the PLL, the DC amplifier gain had to be reduced to avoid amplifier saturation
resulting in the smaller pull-in range.
6,423 Differential delay
Compared to the OPLL, the OIPLL has the additional requirement for setting the
differential phase to zero and minimising the delay path between the oscillator and
phase detector to a value smaller than the reciprocal loop bandwidth [Section
3.3.3]. With the limited injection locking ranges predicted, the latter requirement
will be met comfortably. A non-zero differential phase reduces the effectiveness of
the injection locking effect in the OIPLL combination. The accuracy of the path
length to achieve a differential phase to zero will depend on the operating
frequency. For an effective reduction of 1 dB in injection locking gain, the
differential phase must be 27°. At 10 GHz this corresponds to a free-space path
difference of 2.25 mm and a difference of 0.56 mm at 40 GHz. In practice there
should be little problem in adjusting the path length to such accuracy by adjusting
the components relative positions.
6.42.4 AM and PM noise effects
(a)

PM noise. The OIPLL will respond to phase noise effects as a PLL. As
discussed in Appendix A, the phase noise of the oscillator will be
suppressed within the OIPLL bandwidth and the input phase noise within
the bandwidth will be passed by the system. Usually the former is the main
interest due to the very high phase noise of microwave oscillators.

(b)

AM noise. The noise level at the input is considered in more detail in
Chapter 7 when the sensitivity of the OIPLL is assessed. However, to pre
empt the discussion, even at high levels of optical signal power at the
injection locking input, the AM noise of the optical signal detected in the
process will be negligible compared to the PM and AM noise of the
oscillator. Therefore the principal effect of the AM noise will be due to the
noise entering the system via the PLL input only. In this case the noise
transfer function is the modified PLL transfer function given by Equation
3.42 and can be restricted in bandwidth by suitable design of the PLL
transfer function.
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6.4 J Summaiy and discussion
The OIPLL system will operate at the performance achieved by its two constituent
phase locking systems. The PLL and optical injection locking effect contribute
their respective gains which sum to give the overall loop gain. Consequently the
larger of the two gains determines the OIPLL gain.
The practical benefit of the OIPLL system comes from employing the optical
injection locking as the main source of the wideband loop gain. This avoids
wideband design of the phase locked loop component which instead provides the
integration necessary for second order operation. Optical phase locked loops
should achieve comfortably first order loop bandwidths of between 1 and 10 MHz.
From the optical injection locking range calculations in Section 6.4.2, the OIPLL
system becomes attractive only at very high frequencies in the millimetre wave
ranges at which optical injection locking ranges are highest and OPLL design with
a wide bandwidth and tuning range becomes increasingly difficult.

6.5 Discussion
The use of optical control in the phase locking systems described above can be
viewed as the substitution of optical techniques for electrical control and
processing techniques with the intention of achieving simplification to the overall
system. Compared to a conventional PLL, the OPLL substitutes optical control for
electronic control of the oscillator frequency. The OPLL has advantages due to
the simplification of the microwave oscillator design afforded by the inherently
high isolation of the optical control signal. In the OIPLL system, optical injection
locking replaces the electronic processing of the PLL necessary to achieve wide
bandwidth operation. Finally, the application of optical injection locking in
isolation achieves phase lock entirely by optical control - no electronic
components other than the oscillator are required.
The merits of introducing optical control techniques must weigh against the
limitations, if any, on the phase locking performance. Optical frequency tuning
requires additional components such as an optical source, for example a laser or
LED, optical source drive circuit and coupling optical components. These
components are available at low cost and so should not affect the overall system
cost significantly. However, so far the performance of optically tuning measured in
terms of modulation bandwidth, linearity and tuning range is limited compared to
that attained by electrical tuning methods. Further work is required for more
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detailed measurements and device and circuit design to overcome these
limitations.
The use of OIPLL is restricted to applications in which the locking signal is optical.
The optical injection locking effect allows simplification of the PLL by replacing
the wideband loop gain component. There is further advantage in the separation
of the first order and integrating loop paths as these measures avoid problems of
limited pull-in range in PLLs due to active amplifier saturation. The OIPLL has
the practical complexities firstly in the need to illuminate the device with two
optical control signals, and secondly in the minimisation of the differential delay to
achieve optimum summation of the injection locking and phase locked loop gains.
The potential of the optical injection locking effect to simplify the PLL is a
function of the optical injection locking range. This range is dependent on the
parameters of the oscillator. The calculations show that the application is best
suited to phase locking of low power, high frequency oscillators. As with optical
frequency tuning more research is required primarily to improve the coupling of
the optical signal into the device and so increase the optical injection locking
range.
The reliance on optical injection locking as the only phase locking mechanism,
although being the most simple system in terms of components, is impractical in
most cases due to the first order nature. This results in acquisition and hold-in
ranges which are limited to the optical injection locking range and a static phase
error which varies with input frequency.
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C hapter 7

A pplication of phase locked receivers to optical microwave signal
DISTRIBUTION NETWORKS

7.1 I ntroduction
Optically phase locked oscillators provide a convenient means of reception of
microwave modulated optical signals. A potential application is in phased array
antennas in which the signal distribution is performed by optical fibres. High
frequency capability required to distribute the microwave signals to and from the
elements of the array has been demonstrated in a number of experimental links
[99][100][101][102][103]. Also several experimental arrays using optical fibre
networks for radio frequency (RF) signal distribution and IF beamforming have
been reported [4][5][6][7][8]. Optically phase locked oscillators allow direct
interaction with a microwave optical distribution network and also simplification
to the microwave element design in terms of reduced amplification requirements.
This chapter considers the practical aspects of using optically phase locked
oscillators as receivers for microwave modulated optical signals in phased array
antennas. The suitability of optically phase locked oscillators to the reception role
is dependent on the specification for the distribution network and therefore on the
particular application of the phased array antenna. However, rather than define
an antenna application, the performance of the optically phase locked oscillator is
considered in general terms. The suitability to specific applications is discussed
once the reception performance available has been established.
Section 7.2 calculates a link budget for the microwave optical fibre distribution
network using either phase locked oscillator receivers or conventional direct
detection techniques. The budget establishes the feasibility of the use of phase
locked oscillator receivers and calculates the total number of oscillators that may
be locked to a single optical transmitter. Section 7.3 considers practical limitations
of reception by direct detection and application. Section 7.4 considers the
practical aspects of optically phase locked oscillators and the impact of the
technique on the link operating parameters and potential applications.

7.2 S y s te m CALCULATIONS
Signal distribution in phased array antennas by optical fibre network has been
discussed on a number of occasions [1][2][3][104]. Optically phase locked
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oscillators can be located at the elements and used to receive either the transmit
signal or the local oscillator which is required for down conversion of the received
signal at each element.
The optical microwave signal distribution network is shown in Fig. 7.1. The system
consists of a single transmitting optical source, a fîbre branching network
containing a 1:M split and M receivers. The link budget calculates the maximum
number of elements that may be fed from a single optical source. The variables
required for the calculation are the power of the transmitter source, the
attenuation of the optical fibre distribution network, and the receiver sensitivity
which determines the minimum optical signal power at the elements.
The choice of the optical signal wavelength must be a compromise between the
requirements of the optical network and those of the optically controlled oscillator
receiver. Fibre communications systems generally operate at either 1.3 nm or 1.55
nm wavelengths these wavelength being associated with the zero dispersion and
minimum attenuation for optical fibre (0.15 dB/km at 1.55 /xm). However the
wavelength is also important in determining the ability to perform optical control
and should be lower than the absorption edge for the semiconductor material of
the device. An appropriate wavelength range (see Chapter 2) is that at 780-830
nm associated with AlGaAs/GaAs semiconductor lasers. Use of this wavelength
increases the fibre attenuation to 3 dB/km. However this may be tolerable over
the short link lengths involved in the phased array distribution network.

7.2.1 Optical transmitter
Microwave optical signal generation is possible by direct laser modulation in which
the microwave signal is superimposed on the bias supply of a semiconductor laser
diode, or an external modulating device in which the transmitting property is
electrically modulated. A third method of generation, which is currently in a more
experimental state of development, is by coherent mixing of light. A critical
parameter affecting the optical transmitter design is the operating frequency of the
link and therefore the operating frequency of the antenna.
The operating frequency for the antenna is a function of the application and is
affected by factors such as atmospheric absorption which increases with frequency,
and the size of the antenna which reduces with frequency. Systems intended for
long range operation, for example surveillance radar, generally operate up to a few
GHz whereas higher frequencies at X-band (8 to 12 GHz) are used to achieve
smaller more portable antennas. Millimetre wavelength ranges (above 30 GHz)
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are used for high resolution short range radar systems, for example air-fîeld
movement radar at 40 GHz, or aircraft landing guidance systems at 94 GHz [105].
These ranges are also attracting attention for short haul communication links, for
example at around 38 GHz, and 60 GHz.
The direct modulation bandwidth of a laser is limited by either parasitic
capacitance in parallel to the active region or the relaxation oscillation of the laser.
The latter is a device dependent effect arising from the interaction between the
optical power density and the excess carrier density in the cavity [106].
Commercial lasers are available with modulation bandwidths of approximately 15
GHz. Experimental devices have been demonstrated with bandwidths of 24 GHz
at room temperature [107][108]. Highest bandwidths are achieved at high bias
levels. However this has the negative affect of accelerating the ageing of the laser.
Current development is mainly directed towards producing high power, reliable,
high-speed devices structures, for example 35 mW maximum CW power at 16 GHz
in a 1.3
InGaAsP laser [109].
External modulation at microwave frequencies can be achieved by travelling wave
modulators or by using electroabsorption mechanisms in III-V semiconductors.
The former uses phase shifts induced by the electro-optic effect in optical
waveguides in suitable interferometric configurations. An example, to provide
optical switching between two output ports, is the Mach-Zehnder arrangement.
The electro-optic effect is generated by a travelling voltage wave which propagates
colinearly with the optical signal. The bandwidth in these devices is limited by the
velocity mismatch between the travelling wave and the modulation envelope on
the optical wave, which causes a phase walk-off between the two waves and
cancellation of the initial modulation by subsequent antiphase modulation.
Bandwidths of 20 GHz have been demonstrated [103] using LiNbOg at 1300 nm.
There have been various attempts to overcome the phase walk-off [110][111].
Walker [112] reports a 36 GHz bandwidth using a GaAs modulator. 110 GHz
response bandwidth, inferred from the transient response, has been reported in a
coplanar structure with a GaAs substrate [113]. The half-wave voltage, however,
was 288 V making the present device impractical.
Electroabsorption uses a shift in the material absorption edge, due to an applied
electric field, to cause a change in absorption at a fixed wavelength in the vicinity
of the edge (the Franz-Keldysh effect [114]). A similar effect, the Quantum
Confined Stark effect, is especially pronounced in multi-quantum-well (MQW)
materials. 40 GHz bandwidth has been demonstrated in InGaAlAs-InAlAs MQW
material at 1550 nm [115]. Electroabsorption modulators are highly wavelength
specific. Also the absorption of the optical power when the light is not transmitted
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raises potential problems due to overheating and thermally induced junction
breakdown.
Optical microwave signals can be generated by the coherent mixing of light from
two laser sources which are tuned to optical frequencies offset by the desired
microwave frequency [19]. The microwave signal appears on reception due to the
square law relationship between optical and detected electrical signal power. The
offset frequency can be chosen quite arbitrarily and therefore is unrestricted in
value. However the application is limited by the wide linewidth of currently
available semiconductor lasers, for example 10 MHz in commercial DFB-type
single mode lasers. Linewidth reduction of the laser output can be performed by
either external cavity or some form of electronic feedback loop for phase
stabilisation. Alternatively, the heterodyne signal can be phase locked to a low
phase noise electrical signal [116].
The power available from the transmitter is dependent on the transmitter type. As
discussed above, high speed direct laser modulation has been demonstrated at 16
GHz and 35 mW CW power. External modulation and heterodyne techniques
enable the use of unmodulated high power laser. But these incur additional losses
which attenuate the signal power, for example due to coupling into and out of the
modulator in the former, or in the superposition of the optical wavefronts in the
latter.
In general, the generated optical signal can be represented by:
Po(t) - a^P^g.[l + m.sin(w^t)]

7.1

where
is the mean optical power; m is the modulation index where m< =1;
and «Y is the coupling loss, for example in coupling into the fibre.
For the calculations below, external modulation is assumed. Intensity modulation
is applied to a 100 mW optical beam[117]; coupling into and out of the modulator
is assumed to give 3 dB insertion loss; and the modulation index is set to unity. In
this case
= 0.5, and
= 50 mW.

122 Optical fibre network losses
Details of the fibre network and various sources of loss are indicated by Fig. 7.1.
Fibre connectors are assumed at the input and output. Table 7.1 presents
estimates for the various contributions to the overall attenuation. The values in
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this table are appropriate for a 1.55 /iin fibre network and will be slightly optimistic
for the 780-830 nm wavelength range which uses smaller core diameter fibre,
and are the fixed and variable network attenuation factors.
Optical splitting can be performed by concatenating N conventional 2x2 fibre
splitters to form a 1:2^ splitter. The attenuation between the input and output in
dB will be:
split

-

N.(3 + e + a_) - o,

7.2

where e is the excess loss of a single splitter assumed to be 0.5 dB [118] and the
splice loss Og is assumed to be 0.15 dB.

Table 7.1 Fixed and variable fibre network losses
Variable
A Connector insertion loss (a^)
B Number of connectors
C Splice loss (o )
D Number of slices
E Single mode ) 780-860nm
fibre attenuation)

attenuation
0.4 dB
2

0.15 dB
2

3.0 dB/km

Total
Fixed link loss (AB + CD) =
Variable loss (C) 780-860 nm =

0.8 dB
3.0 dB/km

The overall network loss is given by:
7.3

where 1 is the overall length of the fibre between the transmitter and the receivers.

1 2 3 Sensitivity
Reception is considered firstly by a conventional direct detection receiver using a
high speed PIN photodiode and low noise pre-amplifier, and secondly by optically
phase locked oscillator, using OPLL and OIPLL locking schemes. Optical
injection locking is not considered in isolation since the locked oscillator phase is
not controlled.
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The sensitivity of the receiver is dependent on the intended application and
therefore is set by the specifications for the optical link. With direct detection and
OPLL receivers, the signal-to-noise ratio (SNR) is the limiting factor; the
sensitivity being the optical signal power required to achieve the desired output
SNR. For the OIPLL receiver, the requirement on the receiver bandwidth also is
important since this too is a function of signal power.
For the purpose of discussion, a SNR of 110 dB in 1 Hz is assumed. This value is
appropriate for the distribution of the transmit signal and local oscillator in radar
systems. References [2] and [104] quote typical values of 130 dB and 106 dB in 1
Hz for this application. A nominal receiver bandwidth of 20 MHz is assumed
which is also an appropriate order of magnitude for radar systems [104].
7.2.3.1 Sensitivity in direct detection receivers
Direct detection receivers are discussed in Appendix D. For a general approach,
reactive matching is assumed to match the photodiode capacitive impedance to the
50 0 resistive input of a high frequency low noise amplifier. PIN diodes have been
demonstrated with bandwidths up to 100 GHz [119] and so should meet any
frequency requirement for the network. The main noise source under low optical
power conditions will be the amplifier noise characterised by a noise figure. Low
noise microwave and millimetre amplification can be performed by MESFET or
HEMT transistors. A typical noise figure for millimetre wave HEMT amplifiers is
3dB.
From Appendix D the signal-to-noise ratio is given by:
SNR

%

-E

D8

L4kT(F - 1)B/RJ

Assuming the link parameters of Table Dl:
SNR - 2 0 2 . 3 + 201og]^QP^j^ - 10 log^^gB

(dB)

Therefore for a SNR of 110 dB in 1 Hz bandwidth, P^^^ = -16.1 dBm (24.4 /iW).
72.3.2 Sensitivity in OPLL receivers
From Section 6.2, the OPLL can achieve a phase locking bandwidth of 20 MHz
subject to the operating characteristics of the optically frequency tuned oscillator.
Therefore the sensitivity is set by the noise performance, and in particular the
effects of AM noise at the OPLL input which is firstly converted to PM noise at the
^Ko5 e detecTor cmd

is

passed to
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the output due to the operation of the PLL$ and secondly if sufficiently large
causes cycle slipping as discussed in Appendix A/4.2.
(a) AM/PM conversion. AM noise which is transmitted by the phase detector
acts in a similar way to phase noise, and generates phase noise sidebands at
the oscillator output within the locking bandwidth of the PLL. Assuming
that this is the dominant source of the phase sidebands (that is the residual
sidebands due to the suppressed oscillator phase noise are negligible), the
single sideband phase noise-to-carrier ratio at frequencies within the loop
bandwidth is 3 dB lower than the input AM noise-to-carrier spectral
density. It follows that, with respects to meeting the SNR of 110 dB per Hz
bandwidth specification, the PLL has a 3 dB higher sensitivity than the
direct detection receiver. The OPLL receiver sensitivity is therefore -19.1
dBm (12.3 /*W).
(b) Lock stability. At high noise powers the loop is susceptible to large noise
events, which temporarily knock the loop out of lock. Lock is regained
after slipping a number of cycles. The mean time between cycle slips for a
given loop bandwidth is an extremely steep function of the signal-to-noise
ratio at the loop input. Calculations based on the Equation A19 show that
for a loop bandwidth of 20 MHz, a SNR of 3 dB leads to an mean time
between slips of T^^ = 0.12 ms. In contrast for a SNR 9.3 dB in a similar
bandwidth, T^^ = 1 year.
For the present example of an output phase noise-to-carrier spectral density
of -110 dBc/Hz, the input noise-to-carrier spectral density must be -107
dBc/Hz, which in a 20 MHz bandwidth would give a SNR of greater than
31 dB. Therefore, for the signal-to-noise ratios and the bandwidth
considered, cycle slipping can be neglected.
123,5 Sensitivity in OIPLL receivers
The sensitivity of OIPLL systems in order to achieve 20 MHz bandwidth is
dependent on the operating parameters of the oscillator. For discussion purposes
it is convenient to choose the same parameters as those assumed in Sections 6.3
and 6.4. Hence the oscillator power and quality factor are set to
= 10 mW and
Q = 10 respectively. The operating frequency and optical coupling efficiency
assumed are those of Fig. 6.3 and 6.4 allowing direct reading of the optical signal
power and therefore sensitivity. In the case of the MESFET oscillator, based on
the measurements of Chapter 4, the sensitivity at 10 GHz operating frequency is 4.8 dBm. The same oscillator at 40 GHz, assuming an improvement in optical
coupling efficiency to 50 %, achieves a sensitivity of -14.8 dBm (Fig. 6.4). The
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sensitivity for the IMPATT oscillator for the equivalent conditions is +18.9 dBm
and -2.3 dBm; the lower sensitivity primarily being due to the low modulation
depth used in the injection locking measurement (see Section 6.3.1).
The sensitivity estimate for the OIPLL must include losses involved with splitting
the optical signal to feed both injection locking and PLL inputs, and also in the
superposition of the two optical control signals on to the optically controlled
oscillator. A maximum 6 dB penalty is incurred, (Section 6.4.1), and therefore the
sensitivity for the MESFET oscillator in the OIPLL system in the two examples
above reduces to +1.2 dBm and -8 . 8 dBm respectively.
In the OIPLL correlation effects - resulting in an increase or decrease in the
output phase noise - may occur if the same noise is dominant at both the PLL and
the injection locking inputs (Section 6.4.2.4)[7*>lThe only noise source present at
both inputs in the OIPLL is relative intensity noise (RIN) associated with the
optical transmitter and accompanying the optical signal (see Appendix D). This
has a noise-to-carrier spectral density of typically lower than -135 dBc/Hz and will
be the dominant noise source in the receiver only under the conditions of high
optical signal power. However since the injected signal at the oscillator must be at
least 20 dB below the oscillator power for small signal operation, the RIN noise
detected by the oscillator will always be less than the noise of the locked oscillator,
hence preventing the correlation, effects from being observed.

12A Link budget
Assuming the values discussed in Sections 7.2.1 to 7.2.3, a link budget can be
constructed, see Table 7.2. The table calculates the maximum variable attenuation
allowed in the optical fibre distribution network given a 20 MHz bandwidth and an
output SNR of 110 dB in 1 Hz bandwdith and a minimum fibre length between the
transmitter and receivers of 100m. The network attenuation must be allocated to
either variable loss and the splitting loss. The maximum number of splits can be
calculated according to Equation 7.2.
The sensitivity used for the OIPLL is that of the MESFET oscillator based on the
measured results of Chapter 4. Two cases are considered, the first assumes an
operating frequency of 10 GHz with the optical coupling efficiency unchanged
from that of the experimental characterisation. The second assumes an operating
frequency of 40 GHz and an increase in optical coupling efficiency to 50%. The
difference in sensitivity between these two conditions, for a 20 MHz, bandwidth is
10 dB.
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The calculation results show that approximately 100 elements can be fed using
direct detection receivers. This result is consistent with the experimental
distribution networks of references [4] and [5]; the former feeding 32 elements
with a SNR spectral density of -115 dBc/Hz; the latter feeding 32 elements with a
SNR spectral density of -110 dBc/Hz. The differences are that firstly a
considerably high optical transmitter power is assumed for the present calculation approximately 17 dB higher. Secondly the experimental systems operate at a lower
frequency 53 GHz and therefore can take advantage of lower noise and higher
sensitivity direct detection receivers.
Compared to the direct detection receiver, the OPLL receiver allows a larger
number of receivers to be fed due to the 3 dB sensitivity advantage. The OIPLL
receiver, although lower in sensitivity than the OPLL and the direct detection
receivers, still allows useful numbers of elements to be fed by the network.

Table 73
Link budget for optical distribution network with various optical/millimetre wave
receivers: direct detection, OPLL, and OIPLL.

Transducer type

Direct
detection

OPLL
2 0

%

fibre-coupled
power at source
loss a.p
loss
sensitivity

OIPLL
(MESFET)
10 GHz
50%
17.0
3.0
0.8

OIPLL
(MESFET)
40GHz

dBm
dB
dB

-16.1 dBm

-19.1 dBm

+1.2 dBm

-8 . 8 dBm

29.3 dB

32.3 dB

12.0 dB

22.0 dB

Link Budget
unoptimised

Number of transducer and optical fibre link length
over

1 0 0

m fibre

128

256

8

32
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13 P ractical aspects of direct detection receivers
Practical aspects of direct detection receivers, arising from the need to operate at
high frequency, introduces problems in achieving firstly the high amplification and
secondly the phase accuracy important in the phased array antenna operation.

13,1 Gain requirements in amplification chain
The amount of amplification necessary in the direct detection receiver depends on
the level of power from the photodiode and the power requirement of the
subsequent electronic processing stages to which the received signal is to be
applied. The power from the photodiode depends on the optical fibre network
design as discussed above. Assuming the system operates at the signal-to-noise
sensitivity limit, the mean optical power at the receiver from Section 7.2.3.1 is -16.1
dBm. From Appendix D, Equation D3, the RMS signal current flowing in the
photodiode will be 5.74 /xA, producing an electrical power in 50 n of - 57.8 dBm.
For a useful level of power of, say, between 10 dBm and 30 dBm a gain of between
70 dB and 90 dB is required.
There are considerable problems in achieving such high levels of amplification,
particularly at high operating frequencies. Amplification up to 4 GHz presents
little problem and can be performed by Silicon bipolar transistor amplifiers using
well established circuit designs. Use of AlGaAs/GaAs HBTs extends the use of
similar circuits to higher frequencies. Current developments are in HBT logic
circuits and amplifiers operating at data rates approaching 10 Gbit/s for high
speed communication systems. Up to 24 GHz 3 dB bandwidth has been achieved
in analogue HBT amplifiers [120].
At higher microwave and millimetre wave frequencies, amplification can be
achieved by MESFET or HEMT amplifiers using GaAs technology, or more
recently InP and pseudomorphic structures using InP/GaAs alloys. A figure of
merit used to characterise the high frequency performance is
which is the
highest frequency at which power gain can be obtained from the device. The
device gain rolls off at 20 dB/decade enabling the ideal gain at an arbitrary
frequency to be calculated from the f^^^ value. A number of factors affect the
^ax
the device material, construction and fabrication process. State-ofthe-art devices have been demonstrated with f^^^ = 128 GHz for HBTs [121] and
^max ” 455 GHz for HEMT [122] devices. Although having a very similar
structure to a MESFET, HEMT devices show higher frequency operation than
MESFETs on account of the higher mobility of the undoped conducting channel.
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The number of amplification stages to meet the requirement of 70 dB to 90 dB will
be large. At frequencies of around 10 GHz, between 10 dB and 20 dB gain per
stage is possible and therefore the gain could be achieved by 5 or 6 stages.
However at millimetre wave frequencies the gain per stage reduces to less than 10
dB (the most recent
values suggest a maximum gain of 13 dB at 94 GHz)
pushing the number stages in an amplification cascade up to and over 1 0 .

7 J 2 Phase accuracy in amplification chain
The phase accuracy within the distribution network is important in the phased
array application since random phase differences between the signals at the
elements tends to increase the antenna sidelobe gain. Therefore the tolerance on
the phase error is a design parameter of the overall system and is set by the
acceptable sidelobe levels. The tolerance on phase of a distributed local oscillator
in a military phased array typically is between 5 and 10 degrees [104].
Phase shift due to amplifiers at microwave frequencies is quantified in terms of
group delay. Group delay refers to the transmission of a signal waveform. It
expresses the rate of change of phase shift across the device of the signal
modulation envelope with the carrier frequency. In an ideal case, the group delay
for a circuit or amplifier is a constant, independent of frequency. However, in
general, microwave amplifiers exhibit small fluctuations in group delay across their
operating bandwidths, due to various stray reactance effects, with a large
fluctuations at frequencies approaching their bandwidth limits. The error in the
phase between the input and output of the amplifier chain will be equal to the
tolerance on the total group delay for the amplifier chain multiplied by the signal
frequency. Group delays in microwave amplifiers are typically a few hundred
picoseconds and might vary by several tens of picoseconds across their bandwidths.
Assuming a group delay tolerance of 10 ps, the tolerance on the output phase will
be 36° at 10 GHz and 108° at 30 GHz. Cascading more than one amplification
stage multiplies this value accordingly.
The solution to the phase accuracy problem can be found through calibration of
phase error at the distribution network receivers at each element in the array, and
subsequent adjustment in the signal processor. However calibration relies on
accurate phase error measurement which is made difficult by the potentially high
frequencies and the high accuracy required over a wide operating bandwidth.
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7 3 3 Microwave monolithic integrated circuit technology

Options for achieving the necessary amplification are hybrid circuit techniques or
monolithic integrated circuits. So called hybrid circuits are assembled from
individual microwave chip components which are interconnected by bondwire.
The large number of amplification stages, with associated components for
interstage matching and provision of bias supplies, means that the number of
component-to-component bondwires will be extremely high. This will increase
dramatically the production costs but, more significantly, introduce further
uncertainties in the cascade impedance parameters due to the variations in
bondwire inductance. Under such conditions the repeatability of insertion phase
between otherwise identical amplification cascades caimot be ensured to the
necessary accuracy described above.
In this respect microwave and millimetre wave monolithic integrated circuits
(MMICs) provide the only solution. MMICs combine active, passive and
transmission line components on a single substrate and therefore eliminate
component-to-component connections and enable circuit miniaturisation. With
monolithic processes, chip-to-chip and therefore circuit-to-circuit variations are
almost non-existent since most of the chips processed on a single substrate wafer
are, within the resolution of RF measurements, virtually indistinguishable.
Developments in the technology have included improving production yields
through use of well characterised components and detailed computer aided design
tools for circuits design, close processing control at all stages of the production
cycle including complete final testing of on-wafer circuits with RF testing probes,
and improvements in device reliability. The present stage of MMIC technological
maturity enables the design and production of high density monolithic circuits in
GaAs operating up to 20 GHz using highly repeatable, high yield production based
on ion-implantation processes [123].
MMICs to 20 GHz are based on 0.5 nm gate length GaAs MESFET active
components. Circuits at higher frequencies in the millimetre ranges, however, will
use mainly pseudomorphic and InP based HEMT components. These offer slight
advantages over MESFETs in providing gain, power and low-noise performance at
millimetre wave frequencies. As discussed above, discrete HEMT devices offering
suitable performance have been demonstrated in recent years. Also a few
millimetre wave monolithic MESFET and HEMT amplifiers have been
demonstrated offering amplification in the 40 GHz to 60 GHz range
[124][125][126][127]. But the maturity of HEMT fabrication processes lags behind
that available for MESFETs, similarly in the systemsimulation and modelling
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Fig. 7.2 Maximum operating powers demonstrated in
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capabilities. As a consequence, development of MMICs towards millimetre-wave
integration is some years off.

7.4 P ractical aspects of optically phase locked oscillator receivers
Optical phase locked oscillator receivers have a number of attractions compared to
the direct detection receivers discussed above. Firstly, the direct interface between
the electrical and optical domains removes the need for a high performance
photodiode and low noise front-end amplifier. Secondly, since the oscillator can
operate with an output power appropriate to the signal power desired, there is no
requirement for subsequent amplification stages. The optically phase locked
oscillator in effect combines photodetection and high amplification with high
phase accuracy all in a single stage.
A third attractive feature is the ability of microwave oscillators to operate with RF
power considerably greater than that available from solid state transistor
amplifiers. Fig. 7.2 shows the power performance of two-terminal device
oscillators using IMPATT and Gunn devices, in comparison to that demonstrated
in power transistor amplifiers. IMPATT diode oscillators are the source of highest
power at millimetre wave frequencies, providing up to 1 W CW and 10 W peak
power under pulse conditions at 100 GHz. Transistor amplifiers offer comparable
powers at 10 GHz (of the order 10 W). The highest power at millimetric
frequencies is 28.4 dBm at 44 GHz [134] from a pseudomorphic HEMT transistor
and 19.1 dBm at 60 GHz demonstrated in an InGaA MESFET. Transistor
oscillators have demonstrated power in the region of 13 dBm at 60 GHz [136].
Simulation results have predicted 2.5 dBm possible at 300 GHz, assuming aHEMT
device with f^^^ = 455 GHz [139].

7.4.1 Systems
The requirements on the phase locking performance can be specified from the
configuration of the system to which the phase locked oscillator will be applied.
The most elegant configuration, which takes maximum advantage of both the
simplification offered and the high power capability, is a directly radiating element
for example in a transmit array antenna. Frequency or phase modulation is carried
by the optical signal and transferred to the output via the phase locking effect.
Amplitude modulation or pulse modulation, for example in the pulse Doppler
radar, is applied to the oscillator directly. With amplitude modulation the phase
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locking system must be capable of retaining lock with the changes in the oscillator
amplitude. If the oscillator is pulsed, the phase locking scheme must acquire phase
lock in a short time compared to the duration of the pulse.
Therefore, the bandwidth of the phase locking system is dependent on the
modulation that is to be applied to the oscillator, which in turn is a function of the
intended application for the phased array antenna. For a communication link, a
wide bandwidth would be desirable enabling a high capacity for data transmission.
For example, a single television channel occupies approximately 30 MHz
bandwidth whereas a single telephone line occupies 4 kHz. A bandwidth of
greater than 100 MHz would be desirable for the transmission of several television
channels or « 25 000 telephone lines, for example in the case of a communication
satellite.
Smaller bandwidths are necessary in radar systems. For example range resolution
in a pulsed radar system is determined by the pulse duration r which gives a
resolution of cr/2, where c is the speed of light. A 20 MHz bandwidth would
permit the transmission of pulse lengths of approximately 1 0 0 ns and would result
in a range resolution of less than 7.5 m.

7.4.2 OPLL phase locked receivers
The practical implementation and performance of an OPLL was discussed in
Section 6.2. The OPLL relies on photodetection to convert to the electrical domain
before injection into the phase locked loop. The role of optical control is
restricted to that of frequency control of the oscillator. Therefore one of the
principal attractions, that of direct interface with the optical domain and the
removal of a high performance photodiode and amplifier, is not realised in the
OPLL implementation. Therefore, the merits of the OPLL are in providing an
alternative gain stage to the amplification cascade and in the capability of
operating with high output power.
The comparative attraction with respect to solid state amplification is somewhat
limited at frequencies below 4 GHz by the very high performance achieved in both
gain and power by low cost silicon integrated amplifier circuits. However the
advantages increase at progressively higher operating frequencies at which, from
Sections 7.3.1 and 7.3.2, performing the high amplification necessary with high
phase accuracy becomes a problem. The use of phase locked loops for the
amplification role was studied in detail by Austin [32][141]. Heterodyne
configurations were considered as simple means of achieving phase control for
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beam steering. The potential for phase locked oscillators in providing RF
processing was clearly demonstrated by an eight element linear array of X-band
(9.4 GHz) transmit/receiver elements, each using a Gunn device source in a
heterodyne phase locked loop configuration. The 10 W Gunn oscillator was
pulsed at 1 and 1% duty cycle. A loop bandwidth of between 10 MHz and 20
MHz enabled lock-up within 100 ns. However, despite the success of this work,
the development of the technique towards a more practical implementation has
not been pursued.
The use of optical frequency modulation in the OPLL is favourable under
conditions in which the optical control offers advantages in performance compared
to electronic methods. Current results, however, show the optical frequency tuning
performance to be more limited than electronic control [Section 6.2]. Until this
situation is rectified, and a high performance optical frequency tuning oscillator is
demonstrated, the OPLL will not be an option for consideration.

7A3 OIPLL phase locked receivers
OIPLL makes use of the direct interface with the optical signal, via the optical
injection locking effect, to reduce the reliance on the optical frequency tuning and
the phase locked loop gain to achieve wide bandwidth operation. The reduction in
electronic processing therefore allows simplification compared to the design of the
OPLL
This benefit must be weighed against restrictions in the OIPLL sensitivity and
bandwidth, which are interrelated via a number of the oscillator parameters. The
result is a complicated set of constraints on the conditions of application of the
OIPLL and on the phased array operation. The calculations of Section 7.2 were
based on an OIPLL bandwidth of 20 MHz and showed, for the conditions
assumed, a limited sensitivity which restricted the number of elements fed by the
network to 32 or less. As discussed previously, a 20 MHz bandwidth is a
convienient reference point at which the OIPLL might be useful to radar systems.
It is also the bandwidth that can be attained by high speed phase locked loops.
Consequently, assuming a 20 MHz bandwidth is the main objective of the OIPLL
the affects of varying the conditions for the oscillator on the distribution network
and phased array antenna operation can be considered.
The variables determining the OIPLL bandwidth are the oscillator power;
operating frequency, optical signal power and therefore receiver sensitivity;
oscillator quality factor; and optical coupling efficiency. The coupling efficiency
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and quality factor can be designed independently of the distribution network
specifications and were chosen in the calculations to give the highest locking
bandwidths possible. The quality factor of Q = 10 is a very small value and there
is little scope for further reduction. The optical coupling efficiency assumed was
50 %, This is a forecast estimate based on the values achieved by high
performance millimetric photodiodes. It is probable that considerable research
effort is required before similar levels are realised in practical oscillator devices.
The requirement on the OIPLL bandwidth therefore directly affects the
application specifications of oscillator power, operating frequency and network
power budget via the requirement on the opticalsignal power.
(a)

Frequency. The frequency assumed for the calculations to achieve
adequate bandwidth was 40 GHz. The OIPLL bandwidth increases with
frequency and so there is benefit in operating the system at higher
frequencies, for example in the 94 GHz transmission band.

(b)

Oscillator power. The OIPLL bandwidth is inversely proportional to the
square root of oscillator power. Therefore an increase in oscillator output
power will be at the expense of bandwidth (all other design parameters
being unchanged). The oscillator power assumed for the calculation was 10
mW which is limiting with respect to the very high powers that are available
from two-terminal device oscillators.

(c)

Optical power. The locking bandwidth increases with optical signal power.
This means that there is room for manoeuvre with regard to locking
bandwidth and the parameters of oscillator power, frequency and optical
coupling efficiency, but only at the expense of reducing the number of
elements.

The conclusion is that the OIPLL may find practical application but only in the
limited applications of high frequency, low element numbers and with moderate
signal power requirements from the oscillator.

7.4.4 Alternative schemes for OIPLL application
The operating characteristics of the OIPLL are very restrictive with respect to the
operating conditions of the distribution network and the array anteima. However
it is possible to take maximum benefit from the system by appropriate design of
the network configuration, or by employing the OIPLL in a slightly different mode
of operation.
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7.4.4.1 Remote data mixing schemes
The remote data mixing (RDM) scheme [142] has been proposed for high
frequency data links. The scheme could overcome the problems associated with
achieving qualities of wide data bandwidth, low noise and low attenuation whilst
operating with high carrier frequency. The limitations to the link performance are
due to the performance of the optical signal transmitter and receiver. In the RDM
scheme the single RF link is replaced by two: one narrowband link operating at RF
and transmitting the RF carrier, and a second IF optical link which transmits the
signal waveform. Fig. 7.3. Detection of both signals and electronic mixing recovers
the signal with the RF carrier. The reduction of the carrier frequency in the signal
carrying link eases problems due to high noise and link linearity which tend to be
greater at high frequencies. Similarly the high frequency link can be optimised to
operate with low attenuation without being compromised by the need for a wide
bandwidth.
In a phased array antenna, the RDM approach is equivalent to the distribution of
an RF local oscillator signal to achieve phase coherence across the array aperture
in the transmit mode. An optical phase locked oscillator located at each element
can be used for reception of the RF carrier with high amplification and high phase
accuracy. The OIPLL system is particularly appropriate since the output power
required is low, being only necessary to drive a mixer. Also the bandwidth of the
RF carrier will be small and so the OIPLL bandwidth requirement will be reduced
from the 20 MHz. This will improve the sensitivity and enable a larger number of
oscillators to be phase locked to a single source. This bandwidth requirement will
be due to the need to suppress the phase noise of the free running oscillator; a few
MHz should be adequate.
7.4.42 Phase priming
Phase priming in pulsed oscillators is achieved by introducing into the oscillator
circuit a signal at the oscillation frequency but of significantly lower power
immediately preceeding the growth of the oscillation pulse. During the initial
stages of oscillation, the oscillator operates as an extremely high gain open loop
amplifier. Any small signal present within the frequency range for negative
resistance of the oscillator circuit during the tum-on, experiences an enormous
gain and so “seeds” the oscillation waveform phase and frequency.
Injection priming in pulsed Gunn diode oscillators has exhibited the reduced phase
jitter associated with the pulse build-up. This has improved pulse-to-pulse
coherence, and also an increase in the rate of the oscillation build-up [143]. A
similar effect was said to account for a reproducible hang-up in the fast acquisition
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performance of a phase locked loop in which the oscillator amplitude was pulsed
[33]. Parasitic injection caused the starting phase of the oscillation pulse to be
exactly n out of phase with the input signal, thereby considerably increasing the
acquisition time.
The example of the phase locked loop is analogous to the OIPLL system, except
that in the latter the signal injection to the oscillator is intentionally introduced.
This suggests that the OIPLL may provide a means of achieving fast acquisition in
pulsed oscillator phase locked loop systems. The requirement for the optical
injection locking signal power is low, only being necessary to seed the oscillation
phase and frequency during the pulse initiation. Since the optical injection locking
range does not determine the system bandwidth, the requirements for the
oscillator frequency and power, discussed in Section 7.4.3, no longer apply,
therefore making the system useful for a larger number of applications.

7.5 S ummary
This chapter has considered the use of optically phase locked oscillator receivers in
optical fibre distribution networks for phased array antennas. The assessment sets
out to establish the practicality of the technique and compare its application to
that of conventional receivers relying on detection by photodiode and subsequent
electronic processing.
Practical aspects of both receiver types affect the application and therefore have
an impact on the antenna design. Direct detection receivers present most difficulty
in achieving the high amplification with high phase accuracy. The high gain
requirement is a result of the low signal power of the the optical signal distribution
system. Solution is offered in the form of monolithic circuit integration using
MMICs. Although expensive to develop, there is the prospect for substantial cost
savings through mass production. MMIC technology is currently reaching maturity
in circuit applications at frequencies up to 20 GHz using MESFET active devices.
Phased array MMIC components operating up to this frequency are already under
development [144][145][146]. The development towards monolithic circuit
integration at higher frequencies will use HEMT devices. Production techniques
for these devices, which have a more complex structure, must be developed before
reliable production of monolithic circuits at millimetre ranges.
Phased locked oscillators allow amplification with high gain, high phase accuracy
and possibly higher output power within a single stage. Optical control is
particularly well suited to the phased array application enabling direct interaction
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with the optical domain and reducing the reliance on detection by photodiode.
Therefore, the attractions compared to conventional receivers are in offering
simple, convenient and consequently low cost element design. Quantitative
calculation of the performance of such receivers (in Section 12) shows that the
number of receivers that can be fed by an optical fîbre distribution network is
similar to systems using conventional direct detection receivers. The calculation
assumed a microwave distribution network requirement of -110 dBc/Hz, noise-tocarrier spectral density on reception, and a signal bandwidth of 20 MHz. The
number of receivers can be between several tens to over 1 0 0 , and therefore is
suitable for small array antennas.
In practice, however, the performance of the optically phase locked oscillators will
affect the application and as a result detract from the advantages. The OPLL
system uses optical control to achieve frequency tuning within an otherwise
conventional phase locked loop. The suitability can be considered in similar terms
to the application of a conventional phase locked loop but with the additional
considerations concerning the use of optical frequency modulation. Conventional
loops have been demonstrated in experimental phased array antennas with loop
bandwidths of several tens of MHz. From Chapter 6 , practical demonstrations of
optical frequency tuning have shown limited tuning range and modulation
bandwidths and poor tuning linearity compared to electronic frequency control
techniques, for example varactor tuning in microwave oscillators. In particular, the
practical performance with regards to modulation bandwidth is likely to limit
OPLL bandwidths to below 10 MHz.
OIPLLs are conceptually more appropriate for the reception of the optical signal
since the phase locking makes use of the direct interface between the optical signal
and the oscillator to simplify the phase locked loop design. The calculation shows
lower sensitivity than the OPLL and direct detection receivers, thereby limiting the
number of receivers fed to only a few tens. However the conditions for achieving
this performance are restrictive in terms of the intended array application and the
necessary operation of the oscillator. The receiver bandwidth and sensitivity, the
output power and the system operating frequency are all affected and
interdependent. Optimum system conditions for a given bandwidth are low power,
high frequency array antennas with a small number of elements. The calculation
sets a reference point of 10 mW output power per oscillator, and 40 GHz
operating frequency with 32 elements fed over 100 m of fibre network. An optical
coupling efficiency of 50% is assumed; this estimate includes improvements over
existing demonstrations in optical controlled devices and leaves little room for
further increases.

CHAPTER?

159

Alternative configurations may exploit the advantages of OIPLL receivers in more
practical systems. An example discussed is the reception of low instantaneous
bandwidth phase reference signals, in the so-called remote data mixing system.
Another interesting possibility is the use in pulsed oscillator systems in which the
optical injection locking signal performs a phase priming function.
In conclusion, the attractions of the simplicity and convenience of optical signal
reception by optically phase locked oscillators are counter-balanced by limitations
in the performance available. At the same time the recent rise to maturity of
monolithic circuit integration and the development of phased array MMIC
components has considerably restricted the field to which optically phase locked
oscillator receivers could be usefully applied. Most appropriate are applications at
high millimetre wave frequencies at which the optical control functions exhibit
most advantage over their electrical alternatives, and at which MMICs are yet to
be developed with reliable and reproducible production processes. Therefore,
research is required towards the development of optical control functions; high
performance optical frequency tuning for OPLL systems, and millimetre wave
devices with high optical coupling efficiency to attain performance for practical
array operation.
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S ummary

8.1

In tro d u c tio n

The detailed analytical description and experimental investigation of three optical
phase locking systems has been presented. The analysis allows the convenient
design and the comparison of the systems. It also describes the stability effects
from the loop delay and bandwidth limitations of the loop components. The
experimental investigation includes the first demonstration of combined injection
locking and optical frequency tuning within a phase locked loop.
The discussion establishes the performance of the optical phase locking systems
firstly based on existing demonstrations of the optical control functions available,
and secondly assuming improvements through development of optically
controllable devices. This allows assessment of the impact of optical control on
practical phase lock systems, comparing the various optical phase locking
techniques and their performance in relation to conventional electronic control
methods. The application of optical phase locked oscillators to optical signal
reception, specifically for distribution network in phased array antennas, is
considered.

8.2 O ptical PHASE LOCKING SYSTEMS
Optical phase locking of oscillators can be achieved by optical injection locking;
optical frequency tuning within a phase locked loop (OPLL); and by a combination
of optical injection locking and optical frequency tuning in a closed loop system
(OIPLL). These three systems were described by simple analytical models based
on the small signal analysis of a phase locked loop (PLL) (see Chapter 3).
Following Adler’s analytical representation of injection locking [22], the injection
locked oscillator may be represented by a first order PLL. This approach enables
the injection locking and PLL combination (IPLL) to be represented as two PLLs
acting in parallel and controlling the phase of the same oscillator. Under the ideal
conditions of zero path lengths, the two loops can be combined into one, with a
parallel compound loop filter representing firstly the PLL amplification,
K^jKqF(s), and secondly the effective loop gain of the PLL, equivalent to the
injection locking effect, K^.
The description of the three systems by the same analytical model facilitates
comparison of the systems. It also allows convenient analysis and design of the
IPLL using established PLL design techniques. The main differences between the
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three phase locking systems are in terms of the flexibility in design of the PLL
response, represented by the loop type and order, and in the ideal first order
nature of the injection locked oscillator. The response of the phase locked loop
can be varied by design of the loop filter response, F(s). Phase tracking and
acquisition are best achieved by second order type II loops which demand an
integrating effect at the loop filter. If operating ideally, the integration achieves
zero static phase error between the oscillator and the input signal measured at the
phase detector. The integrating effect also leads to acquisition over a wide
frequency range due to the process of pull-in. By contrast, the first order response
of injection locking results in a static phase error which varies with the difference
in frequency between the input signal and that of the free running oscillators. Pullin effects are not observed, and the acquisition range is limited to a smaller value
referred to as the lock-in range.
In a practical PLL, finite delay for the error signal to travel around the loop
restricts the maximum loop bandwidth. The restriction is increased by bandwidth
limitations of the DC-coupled loop amplifier and the modulation response of the
frequency tuned oscillator. Practical examples of wideband PLLs have shown
bandwidth limits due to these effects of approximately 100 MHz (Section 6.2.1). In
contrast, the first order nature of injection locking is ideal in that there is no loop
delay in the equivalent PLL representation and the effective loop amplification is
infinitely wideband. This means that the injection locking bandwidth can exceed
the delay limited bandwidth response of a practical PLL
The IPLL inherits advantages from both the PLL and injection locking component
systems. Firstly the flexibility in the design of the response of the PLL is
transferred to the IPLL. The IPLL, therefore, may have advantages with respect
to the injection locked oscillator in terms of improved phase tracking and pull-in
acquisition. Secondly, the ideal first order gain of the injection locking contributes
to the overall IPLL loop gain and reduces the requirement on the gain of the PLL
component. This means that the PLL component need not operate with a wide
bandwidth, thereby simplifying the loop design, and the IPLL can operate with a
bandwidth which is wider than the delay limited value for practical PLLs. A more
subtle point shown by the analysis is that the stabilising effect of injection locking
allows the second order integration time constant to be increased making very high
natural frequencies possible. The limit on the natural frequency was shown to be
where r^is the loop propagation delay.
The injection locking and PLL components of the IPLL perform phase error
detection at two physically separate points - each adjusting the oscillator frequency
according to the phase error at their respective points of measurement. If the
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phase error at the two points is different then the action of the two phase locking
systems will tend towards different objectives, resulting in mutual competition and
possibly instability. Differences between the phase measurements, referred to as a
differential phase, is generated by the path length difference between the two
paths connecting the division point at the injection locking and PLL inputs, and the
phase detector; one being a direct path and the other via the oscillator. If the
difference in path length is
the differential phase is e ^ iff = *^o^diff» ^^ere
is the locked oscillator frequency.
In the second order system, the integration of the phase locked loop reduces the
phase error at the phase detector to zero. In this case the phase error across the
injection locked oscillator has to counter-balance the differential phase. A
differential phase greater than jt/ 2 cannot be sustained by the injection locking
effect therefore, under these conditions, the loop will not lock. For small non-zero
differential phases the effective contribution to the overall loop gain by the
injection locking effect is reduced by a factor of cos(d^j^^^).
Experimental work on an optically controlled oscillator was used to confirm the
validity of the analysis and also represents the first demonstration of an optical
injection phase locked loop system. The experiments were performed on a 1.5
GHz GaAs MESFET oscillator. The results, however, are appropriate to all
oscillators which exhibit optical injection locking and optical frequency tuning
behaviour.
Photoeffects in a MESFET device and optical frequency tuning and injection
locking effects in a MESFET oscillator were measured (Chapter 4). The principal
photoeffects in the device are a reverse gate current varying in proportion to the
incident optical power, and a logarithmically proportional increase in the channel
current. The optical frequency tuning response of the MESFET oscillator shows a
dispersive characteristic when the illumination is intensity modulated. The
dispersion takes the form of a slow reduction in the optical frequency tuning
sensitivity as the fi-equency of the intensity modulated illumination is increased
from a few Hz to 100 kHz. The tuning sensitivity in this region shows a logarithmic
dependency on the optical power. The mechanism is due probably to changes in
the surface state and trap occupancy, resulting in changes in the gate capacitance
and therefore oscillation frequency. The multiple time constants arising from the
wide variety of trap and surface states produces the slow roll-off in the tuning
modulation response. A wideband frequency tuning response was also measured.
This, too, shows a non-linear, possibly logarithmic, dependency on optical power
which can be observed from the static optical tuning response at high incident
optical powers greater than 1 mW. Optical frequency modulation with optical
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signal powers at this level was observed up to 100 MHz modulation frequency.
The mechanism responsible is possibly photovoltaic induced changes in the gate
capacitance, due to shifts in the hole quasi-Fermi level in the region. Optical
injection locking of the MESFET oscillator was performed with locking ranges
demonstrated up to 2 MHz. The locking effect follows Adler’s equation and
indicates that the effective locking signal current varies in direct proportion to the
incident intensity modulated optical signal.
The optical tuning range measurement of 1.2%, and fractional optical injection
locking range of between 0 .1 % and 0 .2 %, are similar in magnitude to those
reported in previous experiments. The dispersion in the tuning response and
logarithmic tuning sensitivity have also been discovered. However the wideband
optical tuning response described here is the first such demonstration by direct
optical control in a MESFET oscillator.
The optical phase locked loop was designed with a second order type II response
(Chapter 5). Loop filtering was achieved by the combined effects of an integrating
loop amplifier and the optical tuning modulation response, which was manipulated
via the photovoltaic gate biasing effects. The OPLL was designed with a lock-in
range of approximately 50 kHz and a damping coefficient of 0.5. Two OIPLL
systems were designed. The first used the same OPLL component with the simple
addition of the optical injection locking effect. With an optical injection locking
range of 500 kHz the resulting second order OIPLL damping coefficient was 12.4.
In the second OIPLL, the integration time constant of the PLL component was
increased in order to reduce the damping coefficient to approximately 0.5 once
again.
Experiments measuring the phase tracking and suppression of the phase noise of
the oscillator illustrated the differences between the three systems, and their
variation in comparison to optical injection locking in isolation. The results agree
with the response predicted by the respective analytical models. The effects
arising from delay in the OPLL and OIPLL systems, and from a non-zero
differential phase in the OIPLL, were demonstrated. A loop delay of 4.56 ns was
introduced into the OPLL by an optical fibre delay line. Marginal stability is
predicted at a first order bandwidth of l/4 r^ which corresponds to 45 kHz. The
experiments show this instability to be manifested as peaking in the locked
oscillator phase noise sidebands and also in a poorly damped transient response.
However the OIPLL, with the same loop delay and an optical injection locking
range of 500 kHz, showed no such effects. Furthermore the second order natural
frequency could be increased above 45 kHz without degrading the system
performance. The limit to the natural frequency for marginal stability, measured
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as a breakdown in the locked spectrum, was approximately 200 kHz. This is in
broad agreement with the limit of
which equals 134 kHz.
The differential phase was varied by means of a phase shifter at the input to the
PLL. In the second order OIPLL* a phase shift of greater than ir/2 was shown to
prevent the system from locking. The observed behaviour shows an inverted pullin effect when the input frequency is tuned towards the oscillators; the integration
effect of the PLL component tending to tune the oscillator frequency away from
the input rather than towards it. In the first order OIPLL system, gain competition
was shown to occur when the differential phase was outside the range -w/2 <
^ d iff ^

The experimental results confirm the validity of the analytical models representing
the three phase locking systems. Since the analysis is not specific to optical control
techniques it is appropriate also to analogous systems. The results might be useful,
in particular, to systems requiring wide locking bandwidths.

8 .2 U s e o f o p t ic a l c o n t r o l in p h a s e l o c k in g s y s t e m s

Optical control offers a convenient means for the control of microwave and
millimetre wave circuits. The control signal can be introduced into the circuit with
infinite electrical isolation. In addition, although bias supplies are required to
power the illuminating device, these power supplies are electrically isolated from
the RF circuit. Both factors allow simplifications to the RF circuit design when
compared to the use of electronic control techniques, for example by varactor
tuning in microwave oscillators. The attractions increase at high frequency where
the effects of parasitics and poor electrical isolation are more critical to the circuit
operation.
Optical control can be achieved using AlGaAs/GaAs semiconductor lasers
operating in the 780-830 nm wavelength range. These devices are widely available,
low cost items, generating powers of several tens of mW in packaged form.
Optically controlled microwave circuits can be assembled using bulk optical
components to focus the controlling optical beam, or optical fibre, to connect fibre
pig-tailed laser and microwave circuit assemblies.
Practical microwave optical phase locking systems were discussed in Chapter 6 .
Approximate calculations were made for the ideal performance that can be
achieved, assuming a representative figure for the sensitivity of the optical control
functions. The affect on the system performance of limitations in the optical
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control functions in practical devices then was considered. Details of the
performance of the optically controlled functions were drawn from the review
presented in Chapter 2 and also the experimental work discussed in Chapter 4 for
the special case of optically controlled MESFET oscillators.
The performance of optical frequency tuning in an OPLL was considered,
assuming an optical frequency tuning sensitivity of 10 MHz/mW. This value is
representative of the sensitivity exhibited by past demonstrations of optical
frequency tuning, established by considering the linear optical tuning responsivities
in Chapter 2, Table 2.2. 10 MHz/mW is a seemingly low sensitivity when
considering optical tuning of microwave and millimetre wave oscillators.
However, when incorporated into an OPLL, adequate loop gains can be achieved.
Section 6.2 shows that a combination of the oscillator and commercially available
laser and laser diver circuit should be capable of achieving an effective voltage
controlled oscillator constant of 500 MHz/V, and should enable loop gains of
several GHz. Improvements to the optical frequency tuning response, possible
through the development of specialist optically controllable devices, can increase
this figure.
In a practical OPLL, the loop bandwidth will be restricted to a few hundred MHz
by limitations. These will be due to, firstly, the loop delay and, secondly,
bandwidth limitations of the loop components. The characteristics of the optical
frequency tuning response other than the tuning sensitivity, will also limit the loop
performance.
Very few optical frequency tuning responses have been
characterised in detail making analysis of the performance difficult. However, in
the few reported experiments, the optical frequency tuning responses have
exhibited limited optical tuning modulation bandwidths, in some cases poor optical
tuning linearity, and limited optical tuning ranges.
The specific details of the response is dependent on the oscillator type. Optical
frequency tuning in IMPATT oscillators shows a linear tuning response. The
tuning range in these devices can be high, depending on the availability of the
optical control signal power. For example, assuming an optical power of 100 mW,
a 1 GHz tuning range should be possible with 10 MHz/mW sensitivity. Higher
optical powers tend to cause the oscillation to quench. Theoretical simulations
have predicted a fast tuning response. However practical measurement of the PM
bandwidth has revealed a shoulder in the response at a few MHz, probably
associated with thermal qualities of the device, which if present in the OPLL will
directly limit the bandwidth of the loop.

CHAPTERS

167

MESFET oscillators have also shown limited optical tuning modulation
bandwidths characterised by dispersion at modulation frequencies below a few
MHz. The tuning response is highly non-linear and the tuning range, which is
restricted by this non-linear effect, is limited to a few percent of the carrier
frequency. The experiments described in Chapter 4 confirm these results, but in
addition show a wideband modulation response to 100 MHz, as described above.
The non linear tuning response can be accommodated by an equalising circuit.
However, suitable non-linear active and passive circuits inevitably will introduce
additional bandwidth limitations to the loop gain, and therefore restrict the loop
bandwidth. As a result it is likely that the performance of optical frequency tuning
in a practical oscillator will restrict the maximum OPLL bandwidth to well below
100 MHz.
For optical frequency tuning to be practical, effort is required towards the
demonstration of a linear wideband optical tuning response of high optical tuning
sensitivity. The performance required for the technique to be attractive depends
on the alternative electronic control performance. An example quoted in Chapter
6 is for a bandwidth of greater than 100 MHz, and a linear tuning response width
tuning range of more than a few percent. Characterisation of optical tuning
responses in microwave oscillators of different types has been limited and hence
the discussion above is restricted to considering of direct optical control of
IMPATT and MESFET oscillators. Therefore, study should start with more
detailed characterisation of all devices, establishing the main factor of the optical
tuning response which restricts application to the OPLL, and subsequently
investigating improvements to the response through modifications to the circuit of
device design.
Experimental investigations of optical injection locking have shown locking ranges
of a few tenths of a percent, in MESFET, HEMT and IMPATT oscillators, and
recently a 1.5% range in a HBT oscillator. Comparison of the effects is
complicated by the dependence of the locking range on a number of parameters of
the oscillator, including the external loaded quality factor, Q, the output power,
Wq, and frequency, f^. Furthermore, without knowledge of the mechanism for
photodetection of the optical signal which causes the optical injection locking
effect, for example in the case of MESFET oscillators, it is difficult to define the
optical coupling efficiency and the corresponding signal power injected into the
oscillator circuit.
A solution, proposed in Chapter 4, is to characterise the optical injection locking
effect in terms of an optical injection coefficient, 7 , which relates the effective
injected signal power to the peak optical signal power; hence
= ( 7 mP^^^)^.
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is the mean incident optical power, m is the modulation index and
is the
effective injected signal power. The definition assumes that the current of the
injected signal varies in direct proportion to the incident optical signal power.
Because the coefficient 7 characterises the optical injection locking range expected
under direct illumination by the optical signal, it incorporates the “optical coupling
efficiency” for the device in question.
Calculation of 7 enables a comparison of optical injection locking performance
between devices and also a calculation of the optical injection locking range under
arbitrary conditions for the oscillator. Published experimental data finds for an
IMPATT and MESFET osciUator m-, = 0.0256 W '1/2 and 1.26 W 'l/?
respectively (Chapter 6 ). The value for m is undefined by the experiment; for the
IMPATT result it could be low since locking was to the third harmonic of the
directly modulation laser optical source. The experimental measurement of the
optical injection locking range for the MESFET oscillator in Chapter 4 finds 7 =
6 .0 2
W ^ /2
In addition to the modulation indices, the difference between the values arises
from variations in the structure of the devices and the efficiency with which optical
signal power is transformed to an injected signal current within the device. With
IMPATT devices, the mechanism is a straight forward photodetection effect - the
device operating in a similar manner to a directly detecting photodiode. The
coupling efficiency can be defined, as with the photodiode, in terms of the
photocurrent responsivity compared to 1 0 0 % conversion of photons to electrons
(0.668 A/W at 830 nm). From this definition, the IMPATT device assumed for the
calculation had a coupling efficiency of 1.5 %.
With MESFET devices, the mechanism for optical signal injection is uncertain
(Section 4.6) and may be associated with the gate photovoltaic mechanism and
phototransistor action, or the photoconductive mechanism in the channel which
acts as a photoconductive detector. The optical coupling efficiency for the
MESFET device in Chapter 4 was defined in terms of the gate photocurrent which
is a photovoltaic effect. It is convenient, although not rigourous, to use the same
definition to characterise the optical coupling efficiency for the optical injection
locking effect. Therefore, using this definition the coupling efficiency for the two
MESFET oscillators with m7 = 1.26 W '^/^ and 7 = 6.02 W '^/^ was 1.5 % and
20 % respectively. It can be seen that the larger value of 7 is responsible partly for
the larger injection locking coefficient.
Using the values for 7 in the injection locking equation allows the calculation of
the optical injection locking ranges for an arbitrarily chosen set of conditions. For
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the conditions = 10 GHz,
= 10 mW, Q = 10, and an optical signal power of
1 mW, the optical injection locking ranges of the oscillator vary between 0.256
MHz for the IMPATT oscillator (assuming the same value for m) and 12.7 MHz,
and 60.3 MHz for the MESFET oscillators (assuming m = 1). These ranges are
small compared to the delay limited bandwidth capable by a high speed PLL
They are also small compared to the bandwidths possible by PLL using optical
frequency tuning. However these values may be increased under differing
conditions or by improving the optical coupling efGciency through developments to
the device design. For example, assuming an optical coupling efficiency of 50 %,
then 7 for the MESFET oscillator may increase to 15
Applying the results
to a 40 GHz oscillator, but otherwise similar conditions, an optical injection
locking ranges of 600 MHz may be possible.
Improvements to the optical coupling efficiency may be possible through the use of
windows in the metal contact to the device. For example, efficiency to 25 % has
been demonstrated in an IMPATT device at 8.7 GHz. Comparing the MESFET
results of Chapter 4 and reference [50], an improvement from approximately 1%
to 2 2 % is possible simply by using an interdigitated gate structure which is more
appropriate for illumination with a circular spot than a linear gate configuration.
Further improvement may be possible through using transparent electrical
contracts, for example the use of Indium Tin Oxide [147], providing the electrical
characteristics of the device are not upset. Alternatively, illumination from the
substrate side via a window in the substrate has been suggested [50].
Optical injection locking can be applied usefully to optical phase locking systems in
the form of an OIPLL. The optical injection locking effect in the OIPLL provides
a first order loop gain component which, if sufficiently wideband, can be used to
replace the wideband component of the PLL loop gain. Therefore the design of
the PLL component in the OIPLL system is simplified compared to the
conventional OPLL. There is further advantage in separation of the first order
and integrating loop paths which avoids problems of limited pull-in range in PLLs
due to active amplifier saturation.
The application of the OIPLL shows advantages for the conditions in which the
optical injection locking range is large compared to the bandwidth of a wideband
OPLL The analysis results indicate that this requirement is very restricting on the
conditions of application with respect to the operating power of the oscillator,
operating frequency and the optical coupling efficiency. This point will be
emphasised below when the application of optical phase locking to microwave
signal reception is considered.
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P h a s e d ARRAY APPLICATIONS

Optical phase locked oscillators can be used as receivers of microwave modulated
optical signals. A practical application is to use optical fibre distribution of
microwave signals in phased array antennas. Phased array antennas are formed by
a large number of transmit and receive elements spatially distributed across the
antenna aperture. Optical fibres are well suited to the role of microwave signal
distribution, having the advantages of high electrical isolation, light weight and low
bulk compared to electrical distribution by coaxial or waveguide transmission lines.
Optically phase locked oscillators provide a simple and elegant means of optical
signal reception achieving detection and amplification in a single stage, using a
minimum number of microwave component. Conventional methods of reception
rely on detection of the optical signal by photodiode, and several stages of
amplification to achieve sufficient output power. Oscillators using two-terminal
devices, such as IMPATT and Gunn diodes, can provide higher output power
particularly at high millimetre wave frequencies and also under pulsed conditions,
compared to that achieved by solid state transistor amplifiers. This power benefit
may be useful if the phase locked oscillator is applied in a directly radiating role
within the array element.
The application of OPLL and OIPLL schemes to phased array antennas was
considered in Chapter 7. (Optical injection locking is not considered since the
locked oscilator phase is not controlled). A link budget calculation was used to
assess the feasibility of the use of optically phase locked oscillator receivers in a
microwave optical fibre distribution network, and enable straightforward
comparison with the use of direct detection receivers. The sensitivity for the
various receivers was established assuming a network specification of 110 dBc/Hz
for the received signal spectral noise density, a bandwidth of 20 MHz, and an
optical wavelength of 830 nm for compatibility with optical control techniques.
The practicalities of each reception method was then considered qualitatively,
drawing on the results of previous chapters in the case of the optically phase
locked oscillator receivers.
The link budget calculated the maximum attenuation allowed for the fibre
distribution network based on an assumed performance of the optical transmitter
and the receiver sensitivity. A simple formula relates this attenuation to the
maximum number of splits within the fibre network, and the length of fibre
included.
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Optical microwave signals can be generated by direct laser modulation, external
modulation, or by coherent mixing of optical signals. A critical parameter
affecting the method of signal generation is the operating frequency. The
operating frequency of the antenna is dependent on the application. Long range
radar systems for surveillance tend to operate as frequencies below 10 GHz for
lower atmospheric absorption. Higher frequencies can achieve a higher angular
resolution with a reduced antenna aperture, but sufrer from greater atmospheric
absorption. Millimetre wavelength ranges (above 30 GHz) are used for high
resolution, short range radar systems, for example air-Geld surface movement
radar or aircraft landing guidance systems at 94 GHz.
Direct laser modulation is practical up to approximately 15 GHz to 20 GHz.
External modulators of a variety of types offer higher frequency operation; up to
110 GHz is currently the highest bandwidth demonstrated. Alternatively, coherent
mixing of lasers by heterodyne phase locked loop is being developed for the
generation of theoretically unlimited carrier frequencies. For the purpose of the
link budget calculation and external modulator a transmitter is assumed, for high
frequency generation, which modulates a incident optical beam of 100 mW with
unity modulation index. Coupling losses into and out of the modulator are
assumed to contribute an overall loss of 3 dB.
The loss of the optical network can be calculated assuming 3 dB/km attenuation
for commercial fibre operating at 830 nm. Splitting can be achieved by
concatenated 2x2 fibre couplers to form a 2^ split where N is an integer. Excess
loss per coupler is 0.5 dB and a splicing loss 0.15 dB is assumed with one splice per
coupler.
The sensitivity of the receiver must be estimated from the noise and bandwidth
requirements for the link. Noise in optical links is generated by the optical source
(relative intensity noise) and at the detector due to the shot noise and the
electrical noise of the front-end amplifier. For low signal powers the amplifier
noise is the limiting factor. For the specified maximum noise-to-signal spectral
density of -110 dBc/Hz, the sensitivity of the direct detection receiver is calculated
as - 16.1 dBm. This assumes a reactive matching circuit between the photodiode
and a 50o amplifier, and an amplifier noise figure of 3 dB. Higher sensitivity may
be possible depending on the operating frequency using reactive matching over a
narrow bandwidth.
In the phase locking schemes, the bandwidth also is an important parameter. As
discussed earlier, the bandwidth of the OPLL is restricted fundamentally by loop
delay, but practically by the limitations of the optical frequency tuning response.
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Assuming an OPLL bandwidth of 20 MHz can be achieved, the sensitivity is
limited by the conversion, by the OPLL, of the input AM noise-to-output phase
noise. The output phase noise-to-carrier spectral density is 3 dB lower than the
input noise-to-carrier spectral density at offset frequencies within the loop
bandwidth. Therefore the OPLL sensitivity, for sideband noise levels of less than 110 dBc/Hz, is a -19.1 dBnu This assumes the same photodiode and front-end
receiver at the input as for the direct detection receiver.
In the OIPLL* the optical signal power directly affects the locking bandwidth. In
addition the parameters of the oscillators also must be defined. Optical injection
locking ranges under various conditions were discussed in Sections 6.3 and 6.4.
The sensitivity used in the link budget calculation was that of the MESFET
oscillator of Chapter 4, which gives the largest demonstrated optical injection
locking coefficient. Assuming the oscillator parameters - quality factor Q = 10,
output power
= 10 mW, operating frequency of 10 GHz, and an injection
locking range of 20 MHz - the sensitivity is +1.2 dBm. This estimate includes
additional losses of 6 dB due to signal splitting at the input to feed both the
injection locking and OPLL inputs, and in combining the injection locking and
frequency tuning optical beams at the oscillator. Operating at 40 GHz, and
assuming the optical coupling efficiency can be increased to 50 % (from 20 %),
increases the sensitivity to -8.8 dBm.
A link budget calculation, based on these sensitivities, shows that the number of
elements fed is 128 and 256 for the direct detection and OPLL receivers
respectively, over approximately 100 m of fibre. For the MESFET OIPLL receiver
at 10 GHz, and 20 % coupling efficiency, and also 40 GHz and 50% coupling
efficiency, the number of elements was 8 and 32 respectively, again for 100 m of
fibre. The results compare to practical systems demonstrated with direct detection
at 32 elements at 5.3 GHz and between 110 dBc/Hz and 115 dBc/Hz [4][5]. The
difference in number is associated with the higher power of the optical source and
also the higher thermal noise of the receiver assumed in the calculation. The
results show that the number of elements that can be fed using the various receiver
types are suitable for small arrays using all three receiver types.
Practical aspects of reception by either direct detection or phase locked oscillator
receivers were considered in Sections 7.3 and 7.4 respectively. A considerable
problem with the former occurs when achieving a high gain once the optical signal
is detected at the photodiode, with the high phase accuracy required for successful
operation of the array antenna. When the direct detection receiver is operated at
the sensitivity limit of -16.1 dBm, the received electrical power in the 50o load at
the output of the photodiode will be approximately -60 dBm. For useful powers of
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between 10 dBm and 30 dBm an amplification of at least 70 dB to 90 dB is
required. This extremely high level of gain can only be achieved by a large number
of cascaded amplification stages. The tolerance in the group delay in a single
amplification stage is typically 10 ps, in which case the uncertainty in phase
escalates by 36° at 10 GHz and 108° at 30 GHz for each successive amplification
stage. Therefore phase determination with any accuracy at the output of an
amplification chain is almost impossible. This level of uncertainty must be
compared to a desired phase accuracy for low antenna beam sidelobe levels of
between 5° and 10° RMS phase error.
In order to achieve the high gain with high phase accuracy, special purpose
monolithic integrated microwave circuits (MMICs) must be employed. MMICs
combine active, passive and transmission line components on a single substrate
and therefore eliminate component-to-component connections. With monolithic
processes, chip-to-chip and therefore circuit-to-circuit variations are virtually non
existent enabling the output phase from a cascaded MMIC amplifier to be
predicted with more certainty. In recent years a large number of publications
described the design of phased array transmit and receive elements, mainly at Sand C- band, for phased arrays using only a few MMIC devices per element
[144][145][146]. The main driving point to their development is the prospect of
cost reductions available through mass production. The current maturity in MMIC
design and production processes allows highly repeatable, high yield production
based on 0.5 /xm MESFET technology at operating frequencies up to 20 GHz.
However MMIC technology for high frequency application, for example using
pseudomorpic InP HEMT devices, is still in the early stages of development.
Compared to the use of MMICs, reception by phase locked oscillators allows
detection and amplification with high phase accuracy to be performed in a single
RF stage. The technology and complexity of design and production is relatively
simple, allowing reception equally at all frequencies. This is an important
advantage for low volume markets for which the cost benefit of mass produced
MMICs is not available. Furthermore, as mentioned previously, oscillators using
IMPATT and Gunn devices can achieve a higher output power at millimetre wave
frequencies and under pulsed conditions than is available from solid state
amplifiers. This gives an additional advantage if the phase locked oscillator can be
used in a directly radiating configuration.
The use of the optical phase locking systems, such as OPLLs and OIPLLs,
however, imposes limitations if applied to the reception role. The OPLL is not an
obvious candidate for reception of the optical signal, which must be detected by
photodiode before injection into the loop. Optical control is used only as a
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substitution for the electrical control of the oscillator frequency. Therefore the
loop is outwardly identical to a conventional PLL. Conventional PLLs have been
considered in applications for directly radiating phase locked oscillator elements in
array antennas by other authors [32][33].
Past work has included the
demonstration of a fully operating C-band, 8-element linear array with phase
locking and phase steering achieved by a 10 MHz to 20 MHz bandwidth
heterodyne phase locked loop [32].
The assessment of OPLLs in Chapter 6 shows that current performance of optical
frequency tuning in microwave oscillators is limited in modulation bandwidth,
tuning range and linearity. These limitations will restrict the performance of the
OPLL, compared to a conventional PLL, unless improvements can be made
through developments in optical control. Even if the optical tuning response can
match that of electrical tuning, the OPLL cannot improve on the performance of
the conventional PLL system. In this case, the impact of the OPLL can be seen as
enabling the use of oscillators which cannot be conveniently tuned by electronic
techniques. This suggests an application for OPLL receivers at very high
frequencies, for example in the millimetre wave ranges.
The OIPLL system is the natural choice for reception of the microwave modulated
optical signal, since it makes use of the direct interface between the oscillator and
the optical domain allowed by the optical injection locking function. The phase
locked loop component may operate with low bandwidth and therefore has a more
simple design compared to the sole use of a PLL or OPLL system. Also the
performance characteristics of optical frequency tuning, if used in an OPLL, are
not critical in determining the locking bandwidth.
However the reliance on the optical injection locking effect, and the small
injection locking ranges predicted, limit the field of useful applications. The
problems are associated with the dependence of the optical injection locking
ranges on the oscillator parameters of quality factor and optical coupling
efficiency, and the system parameters of operating frequency, oscillator power and
the power of the incoming optical signal. The oscillator parameters can be
optimised independently, with low Q and high coupling efficiency being of primary
concern. The system parameters, however, restrict the application to systems in
which firstly the oscillator operates at high frequency and low output power, and
secondly the optical signal power at the oscillator is high. The example calculated
in the link budget of Section 7.1 shows an operating system with 20 MHz
bandwidth, 10 mW oscillator power, 40 GHz operating frequency, and a receiver
sensitivity of - 8.8 dBm (enabling 32 elements to be fed from a single 100 mW
transmitter). There is little room for improvement through changes in the
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oscillator parameters which were assumed to be 10 and 50% respectively. The low
oscillator power restriction prevents advantage being taken of the high power
potential of microwave oscillators over solid state amplification. The results show
that the OIPLL may be appropriate for small element number, low power arrays
operating at millimetre wave fi-equencies.
Alternative modes of operation for the OIPLL* considered briefly, allow potential
application. The OIPLL is suitable for the remote data mixing (RDM) system in
which the RF optical signal is transmitted as a narrow bandwidth RF carrier and
an IF signal over two separate links. The OIPLL can be used to receive the
narrowband carrier signal and provide the local oscillator signal power in the upconversion stage at the receiver. In this case, the bandwidth requirement will be
reduced and the oscillator output power need only be sufficient to drive a mixer;
10 mW is typical. Another possible application is to fast acquisition in pulsed PLL
systems. These use the optical injection locking effect to injection prime the phase
and frequency of the pulse waveform, such that acquisition by the PLL component
is performed quickly. Similar effects have been observed in a PLL with the
priming signal arising from stray pick-up within the pulsed oscillator circuit. The
injection signal to the oscillator need not be high in magnitude and this relaxes the
constraints on the network power budget, making the system more practical.

In conclusion the application of optical control techniques to microwave and
millimetre wave phase locking systems has been considered. The phase locking
systems considered have been optical injection locking, optical frequency tuning in
a phase locked loop, and a novel system, referred to as an optical injection phase
locked loop, which consists of the combination of optical injection locking and an
optical phase locked loop. The phase locking systems have been analysed and
investigated experimentally. The practical implementation of the optical phase
locking systems has been considered and the impact of their application to
microwave optical signal distribution systems in phased array antennas discussed.
The overwhelming conclusion from the work is that more research is required in
the detailed characterisation of the various optical control functions in microwave
devices and in parallel, towards the development of novel optically controllable
devices. The characterisation of optical frequency tuning and optical injection
locking in the MESFET oscillator is a contribution to this end. It is hoped that the
experimental investigation and the analysis of practical systems and applications
described here has shown the potential optical control implementation, and added
impetus for future work in the field.
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A p p e n d ix A . P h a s e l o c k e d l o o p o p e r a t io n

This appendix describes the principal features of PLL operation. The first section
sets out the PLL parameters. The following three sections discuss tracking
behaviour, non-linear analysis of the loop, including tracking limits and acquisition,
and noise effects.

A/1 PLL definitions
The small signal transfer function, H(s), was derived in Chapter 3 in terms of the
VCO tuning constant, K^, the phase detector constant, K^, and the loop filter
transfer function F(s). The general small signal transfer function is given by:

»<•>

-

First and second order loops will be considered below. In a first order loop, the
filter response must be uniform; F(s) = A and therefore:

"<•>

-

A number of filter shapes will produce a second order response. However special
interest is in the response of type II loops. The loop filter response can be written:
F(s)

-

^

s

A3

where tq is a time constant. At high frequencies this filter response tends to a
uniform response - F(s-«>) = A.
A3 is a ideal response in that it is perfectly integrating. In a practical system the
integration would be imperfect giving a type I response. The expression for the
loop filter response is modified to:

where is also a time constant and l/r^^ < < 1/ tq. The response A4 is similar to
A3 at frequencies above 1/r^.
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The second order loop the transfer function can be written in terms of the natural
frequency and damping coefficient.

H(s)

where

-

5s

A5

-

+

and f are given in Table Al.

Table Al. Expression for the natural fk^quency and damping coeffient in second
order loops

second order
loop

type II

damping
coefiient
r

natural
frequency
"n

AKoKd

y(A K ^V ro)

2“n
(AK„K^ + 1 /ri)
type I

y(A K ^V ro)
2“„

The practical type I loop becomes a good approximation to a type II loop if
AK^Kj > > 1 / f i .

A/2 Linear tracking

(a) Frequency domain: loop signal bandwidth
The loop bandwidth can be defined in terms of the 3 dB point of the loop transfer
function. For a first order loop this equals AK^K^. For a second order loop the 3
dB bandwidth is given by:
u>3dB

<0n[2 r^ +

1

+

7 ((2 f2 + 1)2 + i)]l/ 2

a6

Equation A6 shows that if the damping coefficient is large then
tends to
which, from Table Al, is equal to the loop bandwidth of a first order loop, AK^K^.
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(b) Time domain: transient response and static phase errors
The tracking performance of a PLL can be expressed in terms of the phase error
between the controlled oscillator phase and the phase of the input signal. In the
frequency domain, the phase error in terms of the loop transfer function is given
by:
*e(s)

-

*i(s)(l - H(s))

A7

The transient response can be found by Laplace transformation. The static phase
error can be found by using the final value theorem:
Llm

Lim
s-»0

t-Ko

[s6 g(s)l

A8

The response to a phase or frequency step or frequency ramp (phase acceleration)
can be found by inserting the particular stimulus into these equations. The
transient equation and responses are presented in full in references [149][150].
Table A2 presents the static phase errors in first and second order type I and II
loops.

Table A2. Static phase error in phase locked loops under vaiying input signal
conditions.
input
phase
step
LB

first
order

second
order
type I

second
order
type II

0

0

0

Aw

Aw

Aw

s + K^K^FCs).

AKoKd

static phase

sLB

Lim
s-»0

frequency
step
Aw

Lim
s-»0

frequency
ramp
Aw

Lim
s-»0

s + K„KjF(s).

0
Aw
s(s + K^K^F(s))J

00

^ o ^ d ’’l/^ 0
Aw

V

Aw
-n'

Both first and second order loops track a stepped phase variation. A frequency
step produces a non-zero phase error in the first order loop, zero error in a second
order type II loop, and negligible error in a second order type I loop, since
> > 1. The transient responses of first and second order loops show different
characteristics. The first order loop shows an exponential decay with decay time
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constant equal to l/AK^K^. The second order loop shows a damped oscillation
with oscillation frequency and damping coefficiency determined by and ç.

A/3 Non linear tracking
If the phase error is large then the linear approximation used in the derivation of
H(s) cannot be used. Non-linear analysis allows consideration of the limit on the
input signal for lock retention and also the acquisition of lock.

A/3.1 Tracking limits: hold-in range
The lock limits can be found from the static phase error. Non-linearity of the
phase detector means 6^(t) must be replaced by sin[«^(t)], which has a maximum
value of unity. The lock limits for the various input signals can be found directly
from the static phase errors in Table A2.
The hold-in range for the first order loop is
= AK^K^. The second order type
II loop shows an infinite hold-in range. However, in the practical type I version,
this is modified to
= AK^K^t^ / tq which can be enlarged by appropriate
design of the loop filter response.

A/3.2 Acquisition
Acquisition in PLLs is discussed in terms of lock-in and pull-in. Lock-in refers to
acquisition with only a phase transient, whereas pull-in can occur over a larger
number of cycles. The lock-in and pull-in ranges, Aw^ and Aw^ respectively, refer to
the frequency offset from the free running oscillation frequency, from which
acquisition by the respective processes can occur.
(a) First order acquisition
First order loops only exhibit lock-in behaviour. In this case the lock-in range
equals the hold-in range defined above. The acquisition phase transient, and the
time to acquire lock-in to within a small offset of the static phase error, are
dependent on the initial phase and frequency conditions of the oscillator, relative
to the input signal [93]. Austin [141] shows that 99.7% of the initial phase
conditions for a given frequency step will achieve an output phase to within 3° of
the final phase, within a period of IO/aw^.
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(b) Second order loop
Non-linear transient analysis in second order loops is complicated. In general the
transients can be described by a pair of first order non-linear equations in the
independent variables of time and the dependent variables of phase error and
frequency error. A set of transient solutions for a particular PLL can be plotted on
a two-dimensional phase plane, referred to as a portrait [149], from which the
solution for a particular set of starting conditions can be found.
An alternative approach is to approximate the operation under certain conditions
to that of a combination of a first and second order loops. Substituting A3 into the
open loop gain yeilds:

AKo^d
G(s)

-

----S

AK,Ka
+

— -—

A9

S ^ T q

The first and second terms represent the first and second order components of the
loop gain respectively. The first order component operates at high modulation
frequencies and affects the lock-in acquisition behaviour. The second order
component exhibits the integrating action of the loop and affects the static phase
error and hold-in range.
In second order loops, lock can be acquired at ranges greater than the lock-in
range through a pull-in process which arises from the integrating action of the loop
filter. Using the approximate analysis, the incoming signal mixes with the
oscillation frequency in the phase detector, producing a beat note which feeds back
to frequency modulated oscillator. The beat note, therefore, is distorted and in
fact has a DC component which acts to reduce the frequency difference.
Integration within the loop filter causes this DC component to accumulate with
time, therefore progressively tuning the oscillator into lock. Once the fi-equency
difference is reduced to less than the lock-in range, the acquisition occurs with no
further cycle slippage.
The pull-in range is the maximum frequency from which the loop can acquire lock
by this method. With an ideal integrating filter, the pull-in range would be infinite.
Gardner [149] gives approximate expressions for the pull-in range and pull-in time
for a practical PLL:
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AWp

-

/(A w ^.A w ^)

AlO

(Aw)2
V ll-ln

”

where Awis the initial offset frequency for the pull-in process.

A/4 Noise effects
A/4.1 Phase noise
Phase noise, accompanying the input signal, will be treated by the loop as a phase
modulation on the signal. Therefore, it is passed by the loop, providing it is within
the PLL signal bandwidth. Phase noise within the loop due to the phase noise of
the oscillator will be suppressed by the operation of the loop. The suppression
effect of the synchronising system can be derived by linear analysis. The oscillator
is modelled as a noiseless oscillator with phase ^vco(s), plus an additive phase
noise, e^(s) [151].
The power of the phase noise at the output is given by:
* 0 (3 )

-H(s).d^(s)

+

(1 - H(s)).0„(s)

AI 2

The suppression of the oscillator phase noise spectral density is given by |(1 H ( s ) |2 .

A/42 Amplitude modulation noise
Ideally, AM noise accompanying the input signal will have no effect on the output
since the phase detector should be insensitive to such noise. Therefore, the loop
output AM noise will be the same as with the unlocked oscillator. However,
practical multiplier type phase detectors will pass AM noise which results in
frequency modulation of the oscillator, so producing phase modulation sidebands.
At low input signal-to-noise ratios, the RMS phase error in the loop is high, firstly
violating the assumption of small phase error and therefore the conditions for
linear analysis, and secondly allowing the possibility for the oscillator phase
occasionally to slip cycles compared to the signal. Cycle slipping occurs when a
large noise event knocks the loop temporarily out of lock, with lock being regained
after one or a number of oscillation periods.
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(a) AM noise contributions to PM sidebands
A simple PLL noise analysis presented, by Gardner [149], shows that the AM noise
at the PLL input can be represented by an additive phase noise source within the
PLL* Fig. Al. The analysis assumes that the input noise is bandpass, stationary,
Gaussian noise and that the VCO phase is time invariant. It is shown that the
power spectrum of the equivalent phase noise source within the loop, $^'(f), is
related to that outside the loop,
hence:

..(f)

-

'y ' L A f

:
A13

where is the input frequency and
is the peak voltage of the input signal. The
output phase jitter variance is given by:
00

J $n'(f)|H (jw )|2df

-

rad^

for the special case of white noise at the input «^(f) =

^

radZ

A14

V^/Hz, and therefore:

A15

s

where

is the loop noise bandwidth defined by:
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r *

-

|H(ju)|^df

A16

■' 0
The output phase jitter variance of a signal can be expressed in terms of the phase
noise-to-carrier spectral density [151]:

^

-

i:
I

2N.
—

df

A17

where N^p is the single sideband phase noise spectral density, and C is the carrier
power. Comparing the two expressions for the output phase jitter, at frequencies
within the PLL bandwidth | H(jw) | ^ = 1 and therefore:
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a) PLL with noise at the input

Kd

Ko

b) equivalent loop representing noise as a phase noise source
at the output of the phase detector

KdKoF(s)

Fig. A l Diagram showing the phase noise representation of
amplitude modulation nosie at the input of a PLL

APPENDIX A

185

ÎÎ2P
C

radf H z - 1

A18

2(VgV2)

Equation A18 shows that the output single sideband phase noise-to-carrier density
is 3 dB lower than the AM noise-to-carrier spectral density at the input.

(b) Cycle slipping
Cycle slipping in a PLL is an effect that occurs when the phase jitter within the
loop becomes large. In this condition, linear analysis no longer applies due to the
large phase error at the phase detector. Without going into details of non-linear
analysis of PLLs, an approximate expression for the average time between cycle
slips in a first order PLL, with zero static phase error in terms of the integrated
phase jitter variance, is given by:

Ta v - (>f/4BL)exp[2/fl^]

A19

This is appropriate for small phase jitter values and shows a particularly steep
dependence on this quantity.
Assuming white noise, N^, and an input noise bandwidth restricted to 2B^ centred
at the locking frequency, the input signal to noise ratio can be expressed as:

SNR^ -

^
(V,V2)

From equation A15

2SNR^

and therefore the approximate expression becomes:
Ta v - (n/4B^)exp(4SNR^)

A20
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A p p e n d ix B . E x p e r im e n t a l s y s t e m d e s ig n

This appendix discusses the design and operation of the experimental system used
to investigate the OPLL and OIPLL systems in Chapter 5.

B/1 Specifications
The experimental system was designed to demonstrate the relative merits of the
three phase locking systems. The limiting parameter affecting the design was the
optical injection locking range, which was measured in Chapter 4 to be between
0.1 and 1 MHz. The OPLL system was designed to operate as a second order loop
with a lock-in range smaller, and a hold-in range larger, than the injection locking
range. A factor of 20 between the three terms was chosen as a suitable design
requirement. A third requirement was for a moderate damping coefficient.
Two OIPLL systems were constructed. The first was made by direct combination
of optical injection locking with the unaltered OPLL system. This loop had a high
damping coefficient. In the second, OIPLL the filter response was modified to
reduce the damping coefficient and therefore improve the transient response of
the system.

B/2 Experimental arrangement
The loop assembly and components are described in Section 5.2. As discussed
there, the filter response was achieved by series combination of an active filter and
the photovoltaic gate bias tuning frequency response.
The optical tuning response was manipulated by suitable design of the gate bias
circuit, see Section 4.2.2, to have a response of the form:
*.<■> -

:

Y ,’.$

B is a constant equal to the residual optical tuning responsivity which accounts for
the tuning sensitivity at high modulation frequencies. The low frequency response
is determined by the photovoltaic tuning sensitivity and defines Br^/rQ in Bl.
is the pole frequency which is determined by R^Cg, where Rg is the series
resistance and Cg the decoupling capacitor in the gate bias circuit.
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The logarithmic variation of the optically induced frequency shift on optical power
gives the residual optical tuning sensitivity, B, a dependency on the mean
illumination power. This variation can be minimised by choosing Rg to be large,
such that only a small variation in mean intensity is necessary to tune across the
hold-in range.
The active filter was designed with a lag-lead response, such that its pole frequency
coincided with the zero in the k^{s). Therefore, the overall filter response for the
second order type II OPLL can be defined as F(s)k^^(s):

I
where C is a constant of the active loop filter and

11%
;
is designed to equal tq.

B/3 Loop design
The loop design can be described conveniently by the determination of, firstly the
open loop gain at low frequency (DC-coupled gain) and at high frequency, and
secondly the time constants of the loop filter. The former represent the hold-in
and lock-in ranges respectively, which have been defined above. The latter set the
system’s natural frequency and damping coefficient and can be designed seperately
once the open loop gain terms have been established.
B/3.1 Open loop gain
(a) Oscillator optical frequency tuning constant K^(s)
This is a function of the laser responsivity, K^, losses in the bulk optical coupling
components, a, and the optical frequency tuning responsivity, Kq(s). The laser
responsivity was measured in Section 4.3.2 as 0.3 A/W. The optical losses of the
illumination path must include a 3 dB loss due to the illumination via the beam
cube. Also, the optical coupling efficiency into the oscillator was lower than that
achieved in the measurement of the optical tuning responsivity, due to the difficult
experimental arrangement for the OIPLL system. Assuming a reduction from 20
% to 15 %, an additional optical attenuation factor of 1.25 dB must be included.
The DC-coupled frequency tuning response,
is determined by the
photovoltaic bias tuning sensitivity. Rg was set to 10 kn giving, from Section 5.2, a
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tuning sensitivity of 30 MHz/mW, assuming an optical coupling efficiency of 20 %.
The high frequency optical tuning sensitivity, B, is determined by the mean
illumination on the oscillator. The loop was designed to operate with a mean
intensity incident on the oscillator of 2 mW. From Section 4.5.1, this will generate
an optical tuning sensitivity of approximately 3 MHz/mW.
(b) Phase detector constant
A balanced mixer was used as a phase detector. Its output is a product of the
signals at its two inputs. When the two input signals have the same frequency, the
output voltage is proportional to the sine of the phase difference, with the
proportionality approximating to a linear relationship at small phase errors.
Therefore, K j is equal to the peak voltage of the IF signal at the IF output port
when the signal frequencies are different. Assuming mixer saturation by the local
oscillator signal, the IF signal power is determined by the RF signal power and the
conversion loss of the mixer.
Therefore, if Pjp is the mean IF power:
^IF "
where

is the load impedance. Assuming a 6 dB conversion loss:
1 /2

where Pj^p is the signal power at the mixer RF port. Pj^p is dependent on the
signal power modulating the laser optical signal source, and the loss of the optical
link via the beam cube, photodiode, and also any subsequent loss in the trombone
line phase shifter (see Fig. 5.1). The link loss between electrical power at the laser
and electrical power at the input to the mixer was measured as 31.4 + /- 0.25 dB.
For a nominal calculation, the laser was modulated by 10 dBm giving P^p = -21.4
dBm and
= 13.5 + /- 0.9 mV/radian.
(c) Active loop filter design
The active loop filter in the PLL interfaces between the phase detector output and
the frequency tuning laser. The circuit was designed to accept a voltage input and
source a negative current to vary the laser bias.
Fig. B1 shows the active filter which was assembled in three stages. The first stage
has a 50 0 input impedance to match the mixer output and define the phase
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Fig B1 Circuit diagram for active loop filter and laser driver
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detector constant, and also provide the active filter response. The second stage
provides a variable gain, and the third stage drives the laser.
Manipulation of the active filter response allowed design of the loop hold-in and
lock-in ranges. This was possible through choice of the filter resistors R^, Rg and
Rg and also the variable gain of the second stage in the amplifier. For the
experiments R^ = 1 kn, Rg = 3.9 ko, and Rg = 2.2 Mo.
Table B1 summarises the DC coupled and high frequency responses of the loop
components and the overall loop gain calculated for the experimental OPLL.

Table Bl. Practical system loop gain parameters

optical frequency tuning Kq(s)/2 w
laser responsivity
coupling loss
phase detector constant
active filter
loop gain

a
F(s)

= Kq(s)F(s)KloKj

loop operating parameters

DC-coupled
(s-0[

high frequency
AC coupled
(S -)

30MHz/mW

3MHz/mW

0.3 W/A
0.375 (4.25 dB)
13.5 mV/rad
10 mA/mV

0.0142 mA/mV

2.865x10®

4.07x10® s 'l

hold-in range
456 MHz

lock-in range
64.7 kHz

B/32 Time constants
Two OPLL systems were designed. The first was designed to achieve a type II
response for the OPLL in isolation. The second was designed specifically for the
OIPLL system, assuming an injection locking range of 500 kHz.
In the OIPLL» the phase locked loop component defines the second order
response which can be characterised by the natural frequency. The time constant
Tg can be found from the desired value for the natural frequency, which is defined
by the already determined PLL loop gain and the desire for a damping coefficient
of approximately 0.5. Hence, from Appendix A it can be shown:
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^2

wn

-

where:
w.

n

Au>i
2r

and r = 0^; Awl/(2w) = 64 kHz for the OPLL; and Lu>-JÇLit) = 500 kHz for the
OIPLL
The design requirements for t 2 are therefore 2.5 ns and 40 ns respectively. The
values for the other time constants can be deduced from the ratios of DC to the
high frequency limit of the responses F(s) and k^{s) and also from the requirement
that Tq = r 2 "
Experimentally, the filtering time constants are determined by the components of
the MESFET gate Cg and Rg, and the active loop filter components C^, R^, R 2 ,
and R 3 . The resistor values are fixed by the loop gain settings and so the time
constants were adjusted through appropriate choice of Cg and C^.
Table B2 shows the experimentally determined time constants and the resulting
natural frequency, assuming the OPLL loop gains as defined in Table Bl.

Table B2. E xperim entally determ ined tim e co n stan ts an d loop p a ra m ete rs

parameter
active filter
Cf
^■3

^2

%

optical frequency tuning
’’g
natural frequency (4 ^/( 2 *)

OPLL (a)

OPLL(b)

780 pF
2 . 2 ms
3.12 /iS

10 pF
26.7 ns
37.9 ns

.2 /iF
ms
2 2 ms

3.3 nF
33 /iS
330 fiS

2

2 .2

57.4 kHz

521kHz

A ppendix C. N oise analysis of experimental O PLL
This appendix presents an analysis of the noise in the experimental optical phase
locked loop investigated in Chapter 5, the design of which was described in
Appendix B. Some of the results used in the analysis are taken from Appendix D.
C/1 Sources of noise
Fig. Cl shows the experimental system, including all the noise sources that
contribute to the output signal phase noise. The noise at the loop input,
represented by the white noise spectral density
(V^/Hz), is generated by the
optical signal and the detection process. Within the loop, the noise soures are the
mixer and the loop amplifier, represented by the white noise spectral densities, Ng
and N 3 respectively.
The diagram can be simplified for the analysis by representing the various noise
voltage sources as equivalent sources of phase noise at the output of the phase
detector, see Fig. C2. From Appendix A, the equivalent mean square phase jitter
density at the phase detector due to the input AM noise can be expressed as:

—

2

—

( =) -

^

Cl
s

where

is the peak signal voltage of the input RF signal.

Similarly, the mixer and loop amplifier noise sources can be transformed to mean
square phase jitter densities at the phase detector by dividing by the phase detector
constant, K^:

9

^n2

----

^ 2

“

TT

2

^n3

----

^3
~

Z~2

The total mean square phase jitter spectral density is equal to the sum of the three
terms.
The output phase jitter density can be found by multiplying by |H(jw)|^. At
frequencies within the loop bandwidth |H(jw)|^ « 1 . Therefore at frequencies
within the loop signal bandwidth, the total output mean square phase jitter density
is given by:
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F (s)
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Fig. Cl Schematic of experimental PLL system indicating
sources of noise within the system

6i(s)

K dK oF(s)

Fig. C2 Equivalent PLL schematic used for noise analysis
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C/2 Equivalent noise source calculation
(a) Input signal noise,
The noise of the optical link at the loop input is discussed in Appendix D; and so
only the results will be quoted here. The noise of the link arises from three
sources - shot noise due to the detection process; RIN noise accompanying the
optical signal; and noise generated within the photoreceiver. From Equations D4,
D5 and D6, assuming a mean photocurrent of 1 mA and a 50 n system, the mean
square noise currents in the photodiode are given by:
Shot noise:

-

2ql^
320 pA^/Hz

31600

thermal noise: i^^^

pA^/Hz

- 4kTp/R^^

- 320 pA^/Hz

Assuming a 50 n load at the photodiode output, then:

«1

-

[ is h o t ^

N.

-

8.06

X

+
1 0 "1 7

iRIN^

+
v

V

C4
h z

(b) Noise at the mixer, Ng
The noise due to a mixer is characterised by the noise temperature ratio, N lK.
This is the ratio of the noise at the mixer’s output terminal to that which would be
generated by a noiseless source at the reference temperature, T^, of 290 K.
Therefore, the additive noise power at the mixer output is kT^(NTR). With a
resistive load, the output noise power is:
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N

-

kTj.(NTR

+

1)

C5

NTR is typically 1.3 and so N = 9.2 x
corresponds to Ng = 4.6 x lO'^* V^/Hz.

W which, in a 50 n system,

(c) Active filter noise, N 3
The noise of the input stage for the active filter is represented by an equivalent
noise voltage and current source at its input. For the operational amplifier used as
the input stage (OP-35), the equivalent noise sources at 1 kHz offset are 3.0
nV/7Hz and 0.4 pA/yHz. In the loop filter circuit, the current source drives
through a 1 ko resistor and so is equivalent to a 0.4 nV/THz voltage source.
Therefore N 3 = 9.16 x 10"^® V^/Hz.

C/3 Phase noise contribution
The mean square phase jitter density at the output from equation C3 is:

----- 9 ---*out (s) -

Nn
Np
^^2 +
2

No

From Appendix B, Vg = 26.9 mV (-21.4 dBm in 50 0 ), and
Therefore, from Equation C4:
dout^(s)

-

= 13.5 mV.

- 125.6 dB radf/Hz

The output single sideband phase noise-to-carrier spectral density, N^p/C, is 3 dB
lower:
N^p/C

- - 128.6

dB/Hz

A ppendix D.

SiGNAL-TO-NOISE RATIO IN MICROWAVE DIRECT DETECTION

PIN-FET RECEIVERS
This appendix calculates the signal-to-noise ratio (SNR) in a microwave direct
detection receiver. The calculation is useful for assessment of the sensitivity of
direct detection receivers for intensity modulated microwave optical links, and also
for the sensitivity of a phase locked loop which is used to detect an optical signal.
Optical signal reception can be performed by PIN photodiode, an avalanche
photodiode, or a photoconductive detector. The highest frequency photodetection
has been demonstrated in PIN photodiodes, up to 100 GHz [119], and so this type
is considered here. The analysis presented below can be found in most text books
discussing optical communication systems.

D/1 Signal-to-noîse expression
In general, an intensity modulated optical signal at the photodiode can be
represented as:
P(w)

-

+

msin(wt))

D1

where m is the modulation index, w is the modulation frequency, and
mean optical power incident on the photodiode.
The photodiode converts the optical power to a current.
photocurrent due to the optical signal is:

is the

The average

where q is the electronic charge, n is the coupling efficiency and hi/ is the photon
quantum energy. The RMS optical signal power is
and so the mean
square signal current is:

7— 2
^sig

D3
.

W2

.

D/2 Noise
The principal noise sources associated with the signal reception are: shot noise due
to the mean current flowing in the photodiode; intensity noise of the optical signal
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which is detected at the same time as the signal; and noise associated with the
photoreceiver.
(a) Shot noise
Shot noise is a quantum effect due to the statistical nature of the generation and
collection of the photoelectrons. The result is that a photodetector current always
shows a random fluctuation, referred to as shot noise, about its mean. The mean
square current variation is proportional to and the photodiode bandwidth, B:

Ishot^

-

2qIoB

D4

(b) Optical intensity noise
Fluctuations in the mean optical power accompany the optical signal and are
converted to a noise current by the photodetection process. The fluctuation is
proportional to the mean optical power and, because of this, it is referred to as
relative intensity noise (RIN). RIN is quantified as the ratio squared of the RMS
photocurrent in a 1 Hz bandwidth to the overall mean photocurrent.
The intensity noise is generated at the optical signal source. RIN, in
semiconductor lasers, varies with modulation frequency of the carrier. Typical
values are -155 dBc/Hz, increasing at low frequencies and also at frequencies
approaching the semiconductor self-resonance [99].
At high modulation
frequencies, the semiconductor laser source in a direct modulation system
invariably will be operating near its bandwidth limit, at which the RIN may be
typically -135 dBc/Hz [99]:

W

-

D5

(c) Receiver noise
The equivalent circuit of the PIN photodiode is a current source in parallel with a
capacitance. Since the circuit is purely reactive, it can source no noise apart from
that of shot noise and detected RIN noise. Consequently, the dominant noise
source of the receiver is due to the following amplification stage.
High sensitivity receiver designs attempt to minimise the effects of the amplifier
noise. At bandwidths below a few GHz, this is possible by using an amplifier
circuit with high input impedance. The total input impedance is dominated by the
photodiode shunt capacitance which causes a roll-off in the gain frequency
response. This roll-off is compensated by a subsequent equalising gain stage. The
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dominant noise source in PIN-FET receivers of this design is the channel noise of
the PET. The frequency response of the noise power spectral density increases
with f^ which limits the usefulness of the approach at high frequencies.
Instead, at microwave frequencies, reactive matching is used to match the
impedance of the diode to the amplifier input, nominally 50 n. The receiver design
involves a trade-off between bandwidth and gain via the matching network. A
poor match results in the dissipation of the signal power within the parasitic
resistance of the photodiode.
For generality and convenience, reactive matching is assumed at the operating
frequency, such that all the signal power appears at the 50 n input to a low noise
amplifier. This allows the noise of the amplifier to be expressed in terms of the
noise figure of the amplifier, F:
,
i■amp^

-

4kTB(F - 1)
-----------

where T is the temperature and R the load impedance of 50 o.
Typical noise figures in X-band MESFET amplfiers are around 3 dB. In HEMTs
the noise is less due to the inherently lower noise structure, and the noise figure of
between 1 and 2 dB in devices operating at millimetre wave ranges. The highest
frequency operation of a HEMT amplifier at 94 GHz achieved a noise figure of 3
dB [122].
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Fig. D1 SNR for a microwave optical link as a
function of mean optical signal power
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D/3 Calculation
The signal-to-noise ratio variation with optical power can be calculated for a
practical microwave optical link. The expression for the overall SNR can be
written:

SNR

[(qiym/hi/y2)Poj^]^

-

B[RIN((qq/hv)P^^)'^

+

2q(qri/hu)?^^

+

4kT(F - 1)/R]
D7

Fig. D1 shows the calculated value of SNR in a 1 Hz bandwidth as the optical
power is varied. Also shown is the SNR due to the three noise sources in isolation.
The parameters assumed for the calculation are tabulated below in Table Dl.
At high optical powers, the relative intensity noise dominates the other noise
sources. At low optical powers, the shot noise and receiver noise increase in
significance and cause the SNR to decrease. With the parameters assumed, the
shot noise is always smaller than the thermal noise. Therefore, at low optical
powers the SNR is determined by:
SNR

-

[(q"=/h'/V2)Pol]
4kT(F - 1)B/R

D8

Table Dl. Values used for estimate of link SNR in Fig. D l
link parameter
electronic charge
coupling efficiency
modulation index
hoton energy (/i=830 nm)
andwidth
relative intensity noise
temperature
load impedance
noise figure

E

symbol

value

q

1.6xlO-^^C
50%
1
1.5 eV
1 Hz
-135 d B c in lH z
300 K
50 0
3dB

V

m
hi/
B
RIN
T
if-
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