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Wide-Locking Bandwidth Optically

Injection-Locked Oscillators: S-Parameter

Design and Modulation Effects
Dirk Sornmer and Nathan J. Gomes, Member, IEEE

Abstract-An S-parameter design approach for optically
injection-locked microwave oscillators is presented. The

approach is verified throngh the design of a 2.1-GHz microstrip
MESFET oscillator that is locked by the detected signal from

an edge-coupled heterojunction phototransistor. Relative locking

bandwidths (B/.fo ) of over 10 % have been measured. The effects

of modulated locking signals on such wide locking bandwidth

oscillators are also considered, and it is shown that they may be
used as FM transmitters and as AM-to-PM converters.

I. INTRODUCTION

T HE OPTICAL injection locking of microwave oscillators

has applications in optically fed wireless communication

networks and in complex microwave systems. In optically

fed wireless local-area networks (LAN’s) [1] or personal

communications networks (PCN’s) [2], [3], an optical fiber

backbone can be used to synchronize base station transceiv-

ers. In complex microwave systems, such as array antennas

where multiple oscillators need to be synchronized, optical

fiber signal distribution can lead to significant advantages in

weight/bulk and cost savings and in immunity to interference.

Many optical techniques for beamfortning in phased arrays

have also been proposed [4], [5].

Two categories of optically injection-locked oscillators can

be defined: those employing direct optical injection locking

and those employing indirect optical injection locking. With

direct optical injection locking, the microwave-modulated op-

tical source is used to illuminate the active oscillator device

itself. With indirect optical injection locking a photodetector is

employed to convert the microwave modulation on the optical

carrier to an electrical signal, which is then injected into the

oscillator. The insertion of amplification and buffering stages

between the photodetector and oscillator would enable the

optimization of the locking signal level and allow isolation

of the photodetector from the oscillator circuit, but at the
expense of a considerable increase in complexity, As the

locking problem would also be reduced virtually to that of an

electrically locked oscillator, in most cases, the term optical

injection locking has been reserved to configurations of the two

preceding types (that is, without intermediate stages) [6]–[10].

Phase shifting [11] and phase modulation [12] of optically

injection-locked oscillators have also been demonstrated. In
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[9] intensity-modulated optical signals were used to frequency

modulate (at lower modulation frequencies) or lock a reso-

nant tunnel diode oscillator. Separate optical frequencylphase

control and locking have also been demonstrated within a

feedback loop [13].

Injection-locked oscillators with wide locking bandwidths

would be attmctive in systems where it is necessary to vary

the frequency of the synchronized oscillators. If the locking

bandwidth were sufficiently wide it may also be feasible for the

oscillators to ~maintain lock to a frequency modulated locking

signal, allowing the oscillators to be used as FM transmit-

ters. Thus, the optical backbone in a wireless network could

distribute information-carrying microwave signals directly to

base station transceiver oscillators.

In this paper, an S-paratneter design approach for wide-

locking bandwidth injection-locked oscillators is described

(Section II). The approach is based on Adler’s original theory

[14] for injection-locked oscillators, suitably modified for

microwave design (of reflection-type oscillators). The aim

of the approach in Section II is to derive a figure-of-merit

that can be optimized for design purposes. In Section III the

approach is applied to the design of a 2. 1-GHz indirectly opti-

cally injectiomlocked microstrip MESFET oscillator that uses

an edge-couplled heterojunction phototransistor (HPT) as the

photodetector. Results presented in Section IV demonstrate the

validity of the approach for designing wide-locking bandwidth

microwave oscillators. In Section V effects with modulated

locking signals are described that demonstrate the use of such

oscillators as FM transmitters and as AM-to-PM converters.

Finally, conclhtsions to be drawn from the work are presented

in Section W.

II. THEORY

A. Locking Bandwidth

A theoretical analysis of injection-locked oscillators was

first presented by Adler [14]. The theory relies on the fact that

the beating that would occur between the impressed signal and

the free-running oscillation in the oscillator if it were behaving

as a linear system is suppressed due to the oscillator actually

operating in a nonlinear, self-limiting mode. In its locked mode

the oscillator frequency shifts to that of the impressed signal.

This will occur only if the oscillator’s reaction time, TR, that

is the time required for the oscillation to build up, is short

0018–9480/95$04.00 @ 1995 IEEE
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Fig. 1. General topology of oscillator circuit with indirect optical injection

locking.

compared to a period of the beat frequency. Then, providing

that the passband of the resonator is wide in comparison, Adler

shows that the maximum frequency deviation Aum.X from the

free-running frequency U. within which the oscillator remains

locked is given by

where Al is the amplitude of the impressed

amplitude of the oscillation (at the point of

d@/dw IW=UOis the differential phase slope

It is assumed that Al << A..

(1)

signal, A. is the

impression), and

of the resonator.

The locking bandwidth 13 is then simply defined as

B=2h,
21r

(2)

In the following derivation, Adler’s theory has been redefined

in terms of waves and scattering parameters to make it more

relevant to the microwave design of relection-type oscillators.

The general topology for the overall injection-locked oscil-

lator circuit is shown in Fig. 1. It is divided into an “oscillator”

or active part, consisting of the negative resistance device

(e.g., MESFET), and the output matching network, as well

as a “resonator” part that includes the locking signal input.

This division of the oscillator into two parts is the usual

design approach for microwave oscillators [15] and leads to

the well-known condition for oscillation, defined in terms of

the reflection coefficients

ro,crre,= I. (3)

The oscillation frequency is determined mainly by the phase

condition of (3)

arg(170,C) = – arg(I’,., ). (4)

The effect of the locking signal is then analyzed by assuming

it causes an additional incident wave, aP, to arrive at the

input of the oscillator part. This incident wave, aP, adds to

the incident wave al = r,.sbl that would normally occur in

the manner depicted in Fig. 2. If the oscillator is locked the

frequencies of aP and al are the same. Then, for analytical

purposes, the effect of aP can be considered as a change in

the reflection coefficient of the resonator part to a modified

vahte r:e, = r,,, + ap/bl.

In Fig. 2 the phase difference between up and al is

shown as 90°. This is not necessarily the case as the phase

difference adjusts in order to maintain lock; for example, if the

locking signal was at the same frequency as the free-running

Fig. 2. Superimposing of injected signal and reflected signal from the
resonator. The signal a~ is the total incident wave reaching the oscillator
part. The diagram is the same as Adler’s for the grid voltage but in terms of

waves to make it applicable to a microwave circuit. If the oscillator is locked,
@ remains constant. As laP I << Ial \ is assumed, @ is in reality much

smaller than depicted above.

oscillation, then the phase of 17reSmust be unchanged and
the vectors aP, al and aj would be in parallel and Ay (the

phase shift) would be zero. Considering a phase difference of

90°, however, will give the maximum phase shift of 17,e, and

will thus indicate the maximum locking bandwidth. With the

assumption that the locking signal aP is small compared to al,

the maximum effective phase shift A~~aX of I’re, is

(5)

This phase shift must compensate for the actual phase change

with frequency of I’res and of I’OSCin order that the phase
condition for oscillation (4) is still met. If these phase changes

are approximated linearly in the vicinity of U., then

d(arg(f’,,,)) Au
A~ma. = dw max

L,J=I,JO

+ d(arg(I’O,C)) Au

dw
max. (6)

w=Uo

Rearranging the above equation for the maximum deviation

AU~.X from the free-running frequency W., using (5),, one

obtains

Aw.a = 1%1

(

al d(arg(17,e,))

)

+ d(arg(170,c)) “

dw dw“=WO U=wo

(7)

This result is directly comparable to Adler’s, as given in (l).

Apart from the fact that (7) is expressed in wave terminology,

the major modification is the inclusion of the second term

in the denominator that represents the phase slope of the

oscillator (or negative resistance) part of the circuit. This was

not mentioned by Adler as it is usually negligible compared

to the phase slope of the resonator for typical (high-Q)

oscillators. Our later design work has confirmed the necessity

of this term for wide-locking bandwidth oscillators.

Finally, using (2) and writing the output power as

p. = IS210,CU112 (8)
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where Szlo,c is the overall forward transmission coefficient of

the oscillator part and where it is assumed that [al [ x la; I as

la, I is small, the locking bandwidth B can be expressed as

B.
\apS2~o.cl

(ci(arg(17res))

)

+ d(arg(I’o.C)) “
~vm

dw dww=1’.!~ m=l’1~

(9)

In deriving the above, however, it has been assumed that the

oscillator part’s reflection coefficient limits due to nonlinear

effects so that the condition of (3) remains fulfilled, whereas

all of the other parameters remain unaffected. This is not, of

course, true and a reduction in ISZ1OSCI particularly can be

expected. Equation (9) can therefore be regarded as an upper

bound on the expected locking bandwidth.

B. Figure-of-Merit

For the purposes of design it is useful to define a figure-

of-merit that can be optimized. For an optically injection-

locked oscillator such a figure-of-merit would incorporate the

relative locking bandwidth, the oscillator output power, and

the injected photocurrent. Cochrart and Wang [16] have used

these parameters to define a figure-of-merit ~, which can be

written as

(10)

where Zph is the peak value of the impressed photocurrent.

The photocurrent generated by the photodetector should be

injected somewhere into the resonator part. It will have a

much more significant effect on the oscillator at this port

as the “oscillator part” will provide gain; the amplitude of

the injected locking signal will thus be greater relative to the

oscillation at this port of the oscillator [16]. As the resonator

(excluding the photodetector) is passive, the photocurrent will

create an incident wave aP according to

(LP = kl~ph (11)

where kl is a complex constant of unit 0~12.

It should also be remarked that the properties of the pho-

todetector must be taken into account as part of the resonator;

this is especially true in the case of a phototransistor (as in

the design example described later in this paper), which will

typically have a much lower output impedance, and therefore
greater loading effect, than a high-speed photodiode.

Using the previous derivation for locking bandwidth and

(10) and (11) above, the figure-of-merit can be rewritten for

a microwave design as

21kls210,cl
‘y=

(

WO d(arg(r,.s))

)

+ d(arg(I’O,C)) “

dw dwl’l=a~ u==l’.l~

(12)

From (12) it can be seen that the oscillator design can be

optimized in two almost independent steps, corresponding

emitter

Fig. 3. Equivalent circuit model for the HPT adapted from [17] and [18]
for the edge-coupled device actually used [19]. Base contact parasitic are

neglected and the parasitic emitter contact pad capacitance CP has been added.
Optimized parameter values are given in the Appendix.

to the design of each of the two parts of the oscillator as

previously defined in Fig. 1.

Step 1: An oscillator and output matching network part are

designed with the objective of obtaining a high ISzlo,c I while

keeping the oscillator part phase slope as small as possible.

Step 2: A resonator part is designed so that the phase

condition of (4) is satisfied at the desired frequency, with the

objective of obtaining a large kl while the resonator part phase

slope is kept small.

It is, of course, important that 11’,,SI’0,. I >1 in order to

ensure that oscillation starts up, and that the loading effect of

the photodetector is taken into account in this, as mentioned

above.

III. DESIGN EXAMPLE

In this section the theory and approach described in Section

II are applied to the design of an optically injection-locked

2. 1-GHz microstrip MESFET oscillator, where the locking

signal is provided by an edge-coupled HPT. From previous

measurements a small-signal equivalent circuit model based on

the heterojunction bipolar transistor model of [ 17] was derived

and later optimized from network analyser measurements. The

major modifications to the equivalent circuit of [17] were the

incorporation of a photocurrent term between collector and

base [18], the neglecting of base contact parasitic due to

the two-terminal nature of the device, and the addition of a

parasitic capacitance between emitter and collector because of

the emitter contact and bonding pad layout of the device [19].

The equivalent circuit model used for the HPT is shown in

Fig. 3. Parameter values (at the most commonly used HPT

bias point) are given in the Appendix.

A. Oscillator Part (Step 1)

The oscillator part should generally be kept as simple and

as small as possible since large circuits will naturally involve

a larger phase slope. A common-source capacitive feedback

circuit employing large pads at the source connections was

chosen (see Fig. 4); this circuit was optimized for an 170SC>1.5

and an S21 (without matching network) as large as possible.

The output matching network was then designed to increase

the overall S210~Cwithout introducing a large phase slope of
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Fig. 4. Detail of the main part of the layout of the 2. 1-GHz microstrip

MESFET-HPT oscillator.

r .Sc. Several structures were simulated. The one that best

satisfied the design criteria consisted of a high-impedance line

connected to the drain, a parallel short-circuited stub (realized

by a round A/4 stub), followed by a low-impedance line to

the output. This is shown (to the left of the MESFET) in the

oscillator layout of Fig. 4.

B. Resonator Part (Step 2)

A simple resonator, giving a low phase slope, would be

an as-short-as-possible length of open- or short-circuited line.

Simulations of the oscillator part gave a value of arg(I’O~C) of

approximately – 100°. In this case, to meet the phase condition

for oscillation (4), a short-circuited line of length 1< A/4 can

be used. Later simulations confirmed that a short-circuited line

would give better performance. The required angle of r,.. (in

this case 100° ) is met through a choice of the line characteristic

impedance and length. The phase slope of the resonator can

then be found by differentiating this phase angle dependence

with respect to frequency. This differentiation generally leads

to the conclusion that the optimum resonator would be a very

short line of high characteristic impedance, that is, as close to

a perfect inductor as possible.

The second aspect of the resonator design concerns the point

at which the locking signal should be injected-corresponding

to the maximization of kl in (12). The incident wave aP will

be maximized at the oscillator if the photocurrent is impressed

one-quarter wavelength away from the short-circuit at the end

of the line. As it has already been stated that the total resonator

length should be less than A/4, the locking signal must be

impressed as far from the short-circuit, or as close to the

MESFET, as possible.

Simulations of the resonator were carried out with realistic

line dimensions and these showed that results with very little

deviation from the optimum could be achieved as long as
1< A/8. It should be. noted that up to now the maximization

of kl by impressing the photocurrent as close as possible

to A/4 away from the short-circuit and the minimization of

the phase slope of the (passive) resonator have been assumed

independent. However, the HPT has a significant effect on

the resonator. For this reason the HPT model was then

E.-
UI.-
>.-

~

m
-00

2.104014 GHz

frequency, 1 kHz/division

Fig. 5. Comparison of the locked oscillation spectrum with the spectrum

of the locking signal (stored display, shifted left). The locking conditions

were: laser RF-drive level = – 10 dBm, ICE = 8 mA, ID ,S = 10 mA.

Resolution bandwidth: 100 Hz. (The output power was uncalibrated during

thk measurement.)

incorporated into the simulation to optimize the resonator line

length and width.

In the oscillator circuit layout of Fig. 4 the resonator is

shown to the right of the MESFET (connected to the gate

terminal) with the HPT chip mounted on it close to the

MESFET. The resonator has an angular deviation at the point

where the HPT is attached to allow for easier optical access

via an optical fiber (also illustrated in Fig. 4). The broader

line above the HPT connects to the DC collector-emitter.

Finally, the short, narrow stub below the HPT (in Fig. 4) was

incorporated to suppress a possible resonance at 8 GHz.

IV. LOC~G PERFORMANCE

A pig-tailed 1.3,um Fabry-Perot semiconductor laser (BT&D

LSC21 10) was used to illuminate the HPT. Modulated optical

input was provided by driving the laser by an RF signal

generator (HP 8350B/83525B) via a bias tee. Unlocked, the

oscillator behavior was very noisy as it had been designed

with a low-Q to facilitate locking. When locked, the phase

noise decreased significantly, and as shown in Fig. 5, the

spectrum of the locked oscillation compares very favorably

with the locking signal. It is estimated that with the RF drive

level to the laser employed to obtain the result of Fig. 5 (– 10

dBm), the locking signal from the HPT is almost 50 dB lower

than the oscillator output power. This has been estimated from

measurements on an HPT directly connected to a spectrum

analyser. The oscillator could be locked with signals fro~m the

HPT almost 70 dB lower than the oscillator output. However,

at such low locking signal levels the locking bandwidth is no

greater than the long-term drift of the oscillator (approximately

700 kHz), so the oscillator could drift out of the locking range,
and the quality of the output spectrum deteriorated although it

was still significantly better than the unlocked spectrum.

At typical bias conditions of ICE = 8 mA and IDS = 10

mA the locking bandwidth varied between 6.7 and 220 MHz as

the RF-drive to the laser was increased from – 10 to +8 dBm

[20]. A relative locking bandwidth 11/~0 of over 10% can thus
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Example plot of the locking bandwidth with a low-level
signal. Locking conditions: laser RF-drive level = – 10 dBm,
8 mA, IDS = 10 mA. Resolution bandwidth 100 kHz.

be achieved. Generally, however, the oscillator shows quite

different behavior for low-level and high-level locking signals.

For low-level locking signals the locking bandwidth is

consistent with the square-root dependence on injected power

predicted by Adler [14]. The oscillator output power is nearly

flat across the locking bandwidth as shown in Fig. 6. The

output power drops suddenly when the locking signal moves

out of the locking bandwidth and many single sidebands occur;

this is typical for a driven unlocked oscillator. In this region

the figure-of-merit (10) achieved is typically between 3 fll/2

and 5 fl~12.

For higher-level locking signals, that is when the locking

signal level delivered by the HPT approaches and lies within

approximately –35 dB of the oscillator output power (approx.

12 dBm), the locking bandwidth rises sharply. The figure-of-

merit (10) achieved here is typically about 10 fll/2. However,

as can be seen from Fig. 7, the oscillator output power varies

by several dB across the locking bandwidth. Also, as the

locking signal moves out of the locking bandwidth it merely

becomes increasingly attenuated (that is, there is not a sudden

drop) while the free-running oscillation reappears.

V. MODULATION PERFORMANCE

A. FM Transmission

With an injection-locked oscillator that remains in lock over
a wide bandwidth it should be possible to vary the instan-

taneous frequency of the locking signal (within the locking

bandwidth) and obtain a frequency-modulated output while

retaining the performance advantages of locked operation.

This type of operation has been previously demonstrated for

electrically injection-locked oscillators [21].

Fig. 8 shows the spectra of frequency-modulated input

signals with the output spectra obtained when they are injected

into the HPT-MESFET oscillator. The input spectra are shifted

slightly to the right of their corresponding output spectra for

comparison. The modulating frequency was 1 MHz for Fig.

8(a) and 8(b). As the FM response of the signal generator was

dBm

20

0

-20

-40

Fig. 7.
locking
ICE =

2.101 GHz
frequency, 50 MHz/division

Example plot of the locking bandwidth with a higher-level

signal. Locking conditions: laser RF-drive level = +8 dBm,
8 rnA, IDS = 10 mA. Resolution bandwidth: 1 MHz.

unknown, the modulation index ,b’has been estimated from the

input spectra, which indicates that /? = 4. This therefore leads

to a peak frequency deviation Af of 4 MHz and a bandwidth

for the instantaneous frequency of 2A f = 8 MHz.

In Fig. 8(a) the output spectrum is shown for the case where

the RF-drive level to the laser is – 10 dBm, which results in

a locking bandwidth of 6.7 MHz (less than the bandwidth

of the instantaneous frequency). The distortion of the output

signal can be seen from the increased noise floor and the

additional sidebands in the oscillator output spectrum. For

the measurement of Fig. 8(b) the laser RF-drive level was

increased to –4 dBm, which results in a locking bandwidth of

14.4 MHz. The oscillator output spectrum can now be seen to

be almost the same as the input spectrum, despite the fact that

some of the FM sidebands lie outside of the locking bandwidth.

The input spectra in Fig. 8 are not symmetrical, probably

due to the generation of some unwanted AM in the signal

generator. It is interesting to observe that the injection-locked

oscillator suppresses this AM (converting it to PM—see next

subsection).

The frequency modulation of the injected signal will cause

an additional and varying phase shift a between the injected

and locked signals and hence an additional phase modulation.

This phase modulation is nonlinear (sin a N Aw, again see

next subsection) and will therefore lead to some distortion if

the whole of the locking range is used for the modulating

signal. If only a narrower region within the locking bandwidth

were used for the modulation, the additional PM could be

considered approximately linear and some compensation for

the phase distortion might be achieved through the use of an

all-pass filter. However, it is thought that these effects need

to be further investigated. FM transmission was verified as

follows: Audio signals were frequency modulated onto the

locking signal and the downconverted output of the oscillator

was demodulated by a communications receiver (ICOM R-

7000) in FM mode.

Finally, the effect of a modulating frequency greater than the

locking bandwidth has been examined. The instantaneous fre-
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Fig. 8. Output spectra of the oscillator (left) compared to the
corresponding frequency modulated locking signal spectra (right).
ICE = 8 mA, IDS = 10 mA, $m = 1 MHz, ~ %4. (a) The maximum

instantaneous frequency deviation exceeds the locking bandwidth; laser
RF-drive level = – 10 dBm, locking bandwidth El = 6.7 MHz. (b) The

maximum instantaneous frequency deviation is within the locking bandwidth;
laser RF-drive level = – 4 dBm, locking bandwidth B =14.4 MHz.

Resolution baudwidtfx 100 kHz.

quency was confined to the locking bandwidth by a low ~ but

the FM sidebands (which necessarily lie outside the locking

bandwidth) were considerably attenuated—by approximately

10 dB for ~m = 10 MHz and 1? = 6.7 MHz. However, the

oscillator did not become unlocked although the input signal

spectrum is considerably wider than the locking bandwidth.

B. AM-to-PM Conversion Theory

As oscillators operate in a self-limiting mode, one would not

expect to observe amplitude modulation of the output when an
amplitude-modulated locking signal is applied. However, as

the oscillator phase will adjust itself to remain in lock for dif-

ferent amplitude locking signals, phase modulation would be

expected. This method of direct amplitude modulation of the

injected signal is different to that presented in [11] and [12],

for example, where the phase shifting/modulation is caused

a]a\‘7

T $Aa
I

I
I

1’ ~ ao
# -------

,“ /
,/
,{
,1
,/

1
al’

Fig. 9. Illustration of AM-to-PM conversion by the injection-locked os-

cillator. A w is determined by tbe frequency difference Au between the

free-running and injected signats. If fl~ is fixed and the amplitude of the
injected signal is changed, the phase difference a between the injected sigrrat
and the oscillator signal must adjust for the oscillator to maintain loclk. The
vector aP is thus seen to vary between aP – (dkninished by the AM) and

ap+ (enlarged by the AM).

by detuning the free-running oscillator frequency—although

in the case of [12] this is achieved by varying the average

incident illumination level.

For a simple (linearized) analytic description of the AM-

to-PM conversion behavior of an injection-locked oscillator a

number of assumptions need to be made.

1)

2)

3)

The modulation index of the AM is small.

The phase angle Ap << 1. This is usually the case

as the maximum vahte for A~ (in radians) is Ial, /al [

and aP << al has been assumed. This also leads to the

condition that the vectors representing al and aj are

(almost) in parallel.

The phase change Ap is linearly dependent on the

difference Aw b~tween oscillation ‘&d free-running fre-

quencies; this is the case if the phase slope of the

resonator and oscillator parts are approximated linearly

in the vicinity of q, see (7).

The above assumptions are illustrated in Fig. 9. Part clf the

diagram is expanded to show the effect of a modulated locking

signal, but the phase angle Ap is no longer exaggerated as in

Fig. 2. Now, as Aip is determined by Aw and is thus fixed for

amplitude modulation of the impressed signal only, the phase

difference between the impressed signal and the oscillator

signal must adjust in order to keep the oscillator in lock. Fig. 9

shows this varying phase difference CYas the impressed signal

is enlarged and diminished by the AM.

The oscillator output signal Ao(t) can be written as

Ao(t) = ACOS(WIt + @ + Lb(t) + 6) (13)

where WI is the frequency of the impressed signal, 6 is an

arbitary phase and the phase difference between impressed
signal and oscillator signal varies about aO, so that a =

O. + As(t). According to Adler [14] and from Fig. 9, it can

be seen that

Apal
sin~. —

laPl

(14)
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Fig. 10. Output spectra of the oscillator (left) with corresponding spectra
of the amplitude modulated injected signals (right). Laser RF-drive level

= – 1 dBm, ~~ = 200 kHz, ICE = 8 rnA, IDS = 10 rnA. (a) The injected
signal frequency is equal to the oscillator free-running frequency. (b) The

injected signal frequency is close to the edge of the locking bandwidth.

Resolution bandwidth: 10 kHz.

If the locking signal is amplitude modulated, then it can be

expressed as

Up = apo(l + ~A COS((J)m~)) (15)

where aPo is the average amplitude of the 10&ing signal, mA

is the modulation index, and Wm is the modulation frequency

in radians. Substituting (15) into (14), sin d can (with a little

manipulation) be expressed as

Using the Taylor series for sin

– mA cos(b)m~)). (16)

u one can write

sin cu % sin q + cos cYtI&Y(t). (17)

Comparing (17) and (16) one obtains

Apal
sin ao = — (18)

aPO

I Q-O Calculatedp
0.20 ~Meaeuredp /1
B

0.10 -

<

0.00
0.0 2.0 4.0 6.0 S.o

Af (MHz)

Fig. 11. Comparison of calculated and measured vafues of,8 for the phase
modulation of the oscillator output caused by amplitude modulation of the
injected signal. as the injected signal frequency is varied with respect to the
oscdlator free-running frequency.

As(t) = – ‘pal m.q Cos(timt)
C@ Cos Cio

mA sin @—

‘c=--a
Cos(wmt). (19)

From (19) it can be seen that if the locking frequency is

equal to the free-running frequency no phase modulation

should be possible as both Ap and a are zero irrespective

of the amplitude of the locking signal. On the other hand,

if the locking frequency is near to either end of the locking

bandwidth, Ia. I approaches 90° and the PM should increase

rapidly due to the denominator of (19). Although (19) predicts

that the phase deviation can become infinite, it can be expected

that in reality the oscillator will become unlocked.

The amplitude of the PM sidebands can be estimated by

inserting (19) into (13) and setting the arbitrary phase d = – a.

for analytical purposes, without loss of generality. Then

( )Ao(t) = A COS Wlt – ‘A ‘ln *o COS(Wmt) .

V’===i

(20)

The modulation index /? is then seen to be the factor multiply-

ing the cos(wmt) term. As sin CYo is dependent on A~, then for

a linear phase slope with frequency, knowing that sin CYo = 1

at the edge of the locking bandwidth (at ~wmax), sin CYo can

be given by

Aw

‘ln ao=Awmax

The modulation index /? can then be written

p=
mAAOJ/Aw~aX

il - (Aw/@llax)2 “

C. AM-to-PM Conversion Results

(21)

as

(22)

Experiments were performed by amplitude modulating the

locking signal to the HPT-MESFET oscillator. Fig. 10 shows

results generally confirming the arguments following (19). The

AM modulation index used in the ex~eriments was m,. =. ..
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TABLE I

Symbol Description of parameter Value at

I I &=8mA

go I differential collector-emitter conductance I 1.82 mS

Ii%
I

transconductance I 309 mS

& differential base-emitter conductance 1.14 mS

%x I base-emitter diffusion capacitance
I

4.55 pF

cc collector-base depletion capacitance 0.032 pF

collector-base dep. layer transit time
Tm

5.94 ps

0.13, which is probably too large for the preceding theory to

be wholly accurate, but was found to be necessary to make

the PM sidebands large enough for reasonable measurements.

Fig. 10(a) shows the resulting output spectrum for a locking

signal frequency equal to the free-running frequency; the

PM sidebands are still present but are very low. In Fig.

10(b) the locking signal frequency is near to the edge of

the locking bandwidth and the PM sidebands are significantly

(almost 20 dB) greater. It was confirmed that the sidebands

were due to angle modulation by using an audio signal to

amplitude modulate the locking signal. The oscillator output

was downconverted to a communications receiver band, as

before. No signal was detected with the receiver switched to

AM mode, whereas there was some (poor quality) reception

when the receiver was in its FM mode.

The amplitudes of the first sideband of the oscillator output

have been found for different A~ = Aw/27r. The minimum

difference between the fundamental component at the injected

frequency (Aso) and the first sideband component (Asl)

was 18 dB, corresponding to a ratio A50/Asl = 0.126. As

@< 0.3, @ can be estimated from the measured results using

,6 = 2J&1/J4.o with an error of less than 3%, which is of
the same order as the measurement resolution. A comparison

of the measured results for ,6 compared to calculated values

from (22) are shown in Fig. 11. It can be seen that the

measured and calculated results follow the same general shape.

The discrepancy between the two curves can be due to a

number of factors in addition to the assumptions required in

the preceding analysis. For example, instabilities in the optical

setup for coupling into the HPT would cause fluctuations in

Aw~.X during the measurements, and the slight differences in

levels between the two AM sidebands of the locking signal

suggest that there may be some residual angle modulation.

These effects would explain why the PM sidebands do not

go to zero when the locking signal is tuned to the oscillator

free-running frequency.

VI. CONCLUSION

An S-parameter design approach for wide locking l~and-

width optically injektion locked oscillators has been presented.

The approach has been verified through its use in designing

a 2. 1-GHz microstrip MESFET-HPT oscillato~ this oscillator

has an exceptionally wide locking bandwidth (relative locking

bandwidths of over 10% having been achieved). The circuit

was kept in microstrip so it should be relatively straightforward

to modify the design for higher frequencies. The wide-locking

bandwidths achieved are due to both the high optical gain of

the HPT and the optimization of the oscillator design using

the developed approach.

Wide-locking bandwidth oscillators would be very useful in

systems requiring the synchronization of a large number of

slave oscillators to a tunable master oscillator or to one of

a number of master oscillators (of different frequencies). A

disadvantage of the present design is that the lack of a high-

Q resonator makes the (free-running) oscillation frequency

difficult to predict exactly at the design stage. However, this

could be overcome by incorporating limited electronic tuning

(e.g. varactor control) into the design. The low-Q resonator

will also cause increased phase noise and this needs 1:0 be

examined in future work.

Finally, the effects of modulated locking signals on the

oscillator have been investigated. Initial measurements have

been made that demonstrate the use of wide-locking bandwidth

oscillators as FM transmitters. It has also been shown that such

oscillators can be used for AM-to-PM conversion.

APPENDIX

HPT EQUIVALENT Cmcurr PARAMETERS AND VALU13S

The HPT equivalent circuit parameters were calculated from

the known device physics and behavior and then optimized

employing T“uclzstone simulations and comparing with mea-

surements.
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Y21 is a modified form of the transconductance that takes

into account the diffusion mechanism in the base [17]

Yzl = ‘m
[

1 – exp(jti~.~ )

1 + jwro 1exp(–jw(k~o + T5, ))
jwrc.

(Al)

where

To is the base diffusion time = 0.149 ps,

~~s is the base diffusion time = 0.149 ps,

k is a dimensionless constant = 0.127,

and the transconductance, gm, and the collector base depletion

layer transit time are in common with the other equivalent bias-

dependent circuit parameters. These parameters are defined

below and their optimized values at 8-mA collector-emitter

bias current, lCE, are also given in Table I.

The base-emitter depletion capacitance Cje is neglected

as it is assumed to be much smaller than &. An emitter

contact resistance, re= = 0.2 Q, a collector contact resistance,

r cc = 1 Q and a parasitic bonding pad capacitance, CP = 0.1

pF are assumed.
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