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Analysis of Oscillators with External Feedback Loop
for Improved Locking Range and Noise Reduction
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Abstract—A simple scheme for enhancing the locking/capture +Vpp
range and phase-noise performance of FET-based voltage-
controlled oscillators (VCO’s) is presented using a low-pass
feedback loop from the oscillator output to the varactor tuning

port. The nonlinearity of the FET provides for mixer or Acosd
phase detector behavior (a self-oscillating mixer). The resulting output signal | Q Rop
feedback oscillator advantageously combines the principles of a
conventional injection-locked oscillator (ILO) and phase-locked
loop (PLL), which we refer to as an injection-locked phase-locked RF choke
loop (ILPLL). The analysis suggests that the ILPLL can be AinjGoSOin; ) FET
designed for superior near-carrier phase-noise performance injected signal VCOo
compared with conventional ILO or PLL circuits. A 10-GHz
prototype was fabricated, which demonstrated a locking range +VREF
more than double that of the isolated VCO injection-locking "/ tuning
range over the same range of injected signal power. —\/  varactor

Index Terms— Feedback loop, injection-locked oscillator, |
injection-locked phase-locked loop, locking range, mixer, RF choke  ——— RhFﬁ
oscillator, phase detector, phase-locked loop, phase noise, she
transfer function, voltage-controlled oscillator. e

(@)
[. INTRODUCTION +Vpp

NJECTION locking of microwave oscillators [1] has been
widely used for synchronization, high-gain amplification,

and phasing of oscillators in communication electronics and Acosd
phased-arrays. An injection-locked oscillator (ILO), shown in output signal
Fig. 1(a), is simply a conventional voltage-controlled oscillator
(VCO) with some means for injecting an external RF signal. RF chok DC-coupled

. , . L . ] choxe IF amplifier
An ILO is a relatively simple circuit compared with alter !

. R . R A jC0SOin N FET voltage gain
native synchronization techniques such as phase—Iocked-loog%‘scteaI signal VCO
(PLL’s). However, ILO’s have the disadvantage of a relatively anade RF chok
small locking range compared with PLL’s. The ILO locking Ve 1 ehoxe
range is related to the injection signal strength andHactor e
of the oscillator intrinsic resonant circuit. Lo@-factors are 1
required for wide locking range, but there are practical lower _ 1 “cathode
limits on the @-factor relating to circuit realization and the RF choke RF
. . - - short of cos(0jp;-0+®)

necessity of maintaining oscillation at a desired frequency. == i
Low-@ is also at odds with low phase noise, although this b)

can be compensated near the carrier by the injection-locking _ -
process itself. Fig. 1. (a) ILO with the injection port. (b) ILPLL where the VCO also

. . serves as a PD, due to the inherent nonlinearity of the constituent devices.
A standard PLL circuit uses a phase detector (PD), low-pags dc amplifier output can be connected at the anode or cathode of the

filter/amplifier, and a VCO. The gain and bandwidth of thearactor diode. The connection position of the dc amplifier output can affect
loop determines the locking/capture range of the system; fBf '0cking bandwidth of the whole circuits.
most applications, this is a small fraction of the VCO center
_ _ frequency, although it can be much larger than the isolated
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We recently proposed a simple circuit, which combines th&ke find that the oscillator can synchronize to an injected signal
principles of ILO and PLL in an efficient and advantageouss long as
manner, shown in Fig. 1(b). The circuit consists of a standard
VCO with a low-frequency feedback loop connecting the VCO
output to the varactor tuning port. This circuit makes USghich indicates that\wioq represents half the entire locking
of the inherent nonlinearity of a VCO, which allows it torange.
simultaneously provide the function of a mixer or PD, i.e., Now consider the circuit of Fig. 1(b). If the frequency of the
a self-oscillating mixer. As such, the circuit is similar to gnjected signal is such that (3) is not satisfied, then the oscilla-
PLL, where the PD and VCO functions are served by the sam cannotlock onto the injected signal; the nonlinearity of the
component. However, the following are two significant differagcillator will then generate mixing products. We can quantify

ences between this new circuit and a PLL; 1) since the extergak in a simple fashion assuming tieV characteristics of
signal is directly injected into the VCO, the synchronizatiog,, FgT

mechanism is a combination of ILO and PLL methods. For 5
this reason, we label the circuit an injection-locked phase- T = L {1 _ Vgs} (4)
locked loop (ILPLL) and 2) perhaps most significantly from an Vp
application stgndpoint, we _sh_ow that, under certain conditioqﬁhere I, and V, are the saturation current and pinchoff
the phase-noise characteristics of the ILPLL can be supeniiiaqe of the MESFET, respectively. If the external signal
to both the ILO and PLL. Therefore, by simply adding & 1oWg jniacted at the gate, then the gate voltage includes a
frequency dc-'coupled' amplifier to an existing VCO, we cafynirihution from both the oscillator and injected signal
create an oscillator with a potentially large locking range and
exceptional phase-noise characteristics. Vs = Al cos(0") + Ainj cos(binj) (5)
First-order phase dynamics of the ILPLL are first studied, , , , L
assuming a FET-based VCO, in order to quantify the noN€re A, ¢ are the amplitude and phase of the intrinsic
linearity responsible for the mixing operation. The phase d¢Scillator, measured at the gate (this would include pulling
namics can be derived by extension of well-known injectiorf€CtS from the injected signaliiy;, fin; are the amplitude
locking theory [1], leading to an equivalent Adler equation fo‘?anI phase of the |n_Je_ct|on signal. Su_bstltutlng (5) into (4) gives
the ILPLL. From this, it is shown that the locking range of th& 10W-frequency mixing product, which can be extracted from
ILPLL can be larger than that of the ILO, by careful desigi'® drain through an RF choke and expressed as a voltage

|winj — wo| < Awiodk (3)

of the phase shift and dc amplifier gain in the feedback loof.co5(finj — ¢'), where

This is demonstrated and verified with a 10-GHz prototype Rpplass Al oo Ainj

circuit using a VCO based on a commercial packaged GaAs a=- V2 (6)
p

MESFET. We then present the amplitude dynamics, and then
the theoretical results for the output phase noise, derived fré#d wherefinp, is the drain bias resistor, as shown in Fig. 1(b).
the phase dynamics. No direct measurements of the phd$és low-frequency signal is then amplified and fed back to
noise or analysis of amplitude noise has yet been undertaké@ varactor bias network, as in a PLL. The output of the dc
amplifier is expressed a3 cos(fin; — 0 + ®), wheref is the
loop amplifier voltage gain andl is a phase term that includes
Il. PHASE DYNAMICS AND LOCKING RANGE the phase shift from gate to drain through the device, and any
When an oscillator is externally injected with a low-levefesidual phase shift around the loop. This could be determined

RF signal, as depicted in Fig. 1(a), the phase dynamics of @pirically if accurate nonlinear models are not available for

ILO are described by [2] the device.
The intrinsic VCO frequency will track the low-frequency
% e+ ;d_é Im{ 1?/1@} 0 voltage on the varactor such that
wo = w' & faKycos(Oim; — 0+ @) (7

whered, w,, @, andV = Aexp(;6) are the instantaneous-yhere . is the VCO frequency with the feedback loop and
phase free-running frequency (radian per sec@dctor of iniaction source removed, anH, is the tuning sensitivity

the embedding network, and the phasor output voltage of e vco with units of radians per second per volt. The
VCO, respectivelyViy = Ainj exp(s6in;) is the phasor voltage « 1» gjgn in (7) refers to whether the amplifier output is
associated with the injection signal. When the VCO is lockegyynected to the cathode or anode side of the varactor, as

onto the injection signal shown in Fig. 1(b). Substituting (7) into (2) and assuming that
do afSKy < ' gives a new phase equation
E = Winj = Wo + AWiock sin(Hmj — 9) (2) 4o ) .
Y + Awioek sin(fin; — 8) + Ky cos(bin; — 6 + P).
where (8)
Awlo = &ﬂ Comparing (8) with (1) shows that we can view the circuit

20 A as an ILO with two injection signals, one due to the external
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source, and the second coming from the feedback loop. These PTTTTTTTTroossosssssnossoomosoes :
terms can be combined using trigonometric identities into a : :

equivalent Adler equation for the circuit Rpp=348.0
do ’ ’ : ’ : RF i\:sD?v:
o Wi =W + Awjggy sin(fin; — 6 + 0°) 9) A

where
Auwlg = V(aBE)? + (Awie)? T 208K Awioe sin ® ,L{i‘éog;
(10) NEC56708 L '
and ' Injection
' Signal
3K (P : 78 02
&' = tan~ apfocos® | (11) : Ll

Auwlpek F oS Kgsin 0.14F 54402 0. Reference Voltage

The upper sign in the above equations is for the dc amplifier - ---------oooeeeeii fo o Sub 7 VREF :

output connected at the cathode of the varactor, and the lower ~ PCAmelfer (2 stages)
sign is for the anode of the varactor. Clearlw], , Can Fig.2. The prototype circuit used in this paper. The VCO is designed as
be regarded as the new locking range of the system, ahepmmon-gate GaAs MESFET circuit operating at 10 GHz. The feedback

. . lifier is a simple dc-coupled two-staged BJT design with over 30-dBm
can be increased. Note that a measurement_ of locking ra@én ge gain for broad input frequency range. The measured characteristics
for the case of no feedback and the two different methodsthe whole ILPLL are dependent on the dc amplifier output connection
for connecting to the varactor give sufficient information t@osition to the varactor diode.

uniquely determine all of the required parameters in the model.

In order to insure that the locking range of the ILPLL is 105 ————— 11— 14
larger than that of the ILO afAw],_,, > Awieck, We must have o4 ’ 14
B> 4 200 g g a2  ~  f 110

aKo & 103 F 17 3

This shows that, for any give®, we can always obtain an % o2 F ] 8 §

increase in the locking range by either adjusting the point g | J6 g

of feedback on the varactor or by using an inverting or & 1o 1 E
noninverting amplifier. Clearly, it is important to characterize = 5 E 4
the paramete®. Once done, the locking range can then be 10 J2

increased easily by increasidg,n, or increasing the loop gain C :

. Also note that we have ignored the effects of loop filtering in 9.9 oo o e

8 10 12 14 16 18 20 22

this first-order analysis. These conclusions will apply without
y PPY Viuning ( Volt )

significant modification as long as the loop bandwidth equals
or exceeds the desired locking bandwidth. Fig. 3. The tuning range and output power of one single free-running VCO
(without feedback loop) versus the tuning voltage.
[ll. AMPLITUDE DYNAMICS

As the oscillator is injected by an external signal, théhe locking bandwidth of the oscillator is affected by the
amplitude-dynamics equation of the ILO is [1], [2] connection of the dc amplifier output at the anode or cathode
of the varactor diode. However, the amplitude dynamics of

dA — uﬂA(Aé — A% + Y0 4. Re{ Vini} (13) the oscillator in the ILPLL is not affected by the connection
dt 2Q 2Q 14 position of the dc amplifier output at the cathode or anode of

whereA, u, Ay, and( are the output voltage amplitude aftethe varactor diode.
locking, the gain saturation parameter, the free-running output
voltage amplitude, an@-factor, respectively. For the ILPLL, IV. EXPERIMENTAL RESULTS

the output of the dc amplifier is, - exp[j(60 — 6inj + ). The ILPLL concept was verified using a 10-GHz prototype
Therefore, the normalized total injection voltage phasor of th&cyit [4]. The VCO was designed with an NEC32184A GaAs
oscillator Vin;/V" becomes MESFET in a common gate configuration for a large tuning
range, and uses an M/A-COM 46 580 beam-lead hyperabrupt
varactor diode (Fig. 2). The tuning range and output power
versus the tuning voltage of the VCO component are shown
in Fig. 3. From this figure, we can determine the tuning sen-
@ _ uﬂA(A(Q) _ AQ) + ﬂaﬁ c0s(f — Bin; + P) s@tivity _as_K_o ~ 63 MHz/V in the linear region. Thg external
dt 2Q 2 signal is injected from an HP 8350B sweep oscillator at the
420 Apy cos(Bin; — 6).  (15) 9ate through a one-wavelength R0microstrip transmission
2Q line. As described earlier, the nonlinearity of the FET will mix

Vinj _ of8 (0 —8in;+P) Ainj 7(8in;—0)
Y = inj inj 14
v - 4¢ + € (14)
and the amplitude dynamics of the ILPLL is
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. . i . Fig. 6. The experimental results of the output power of the ILPLL system
Fig. 4. The voltage gain of the two-staged dc BJT amplifier versus the inpdk gifferent connection positions of dc amplifier output at the varactor diode
signal frequency. under external injection poweP.,,; = —3.0 dBm. The output power (or

amplitude dynamics) of the whole system is not affected by the connection
position of the dc amplifier output, but the locking bandwidth of the system

500 ] is affected.
[ —— ILPLL ]
N 400 L vt Injection Locking only (no loop) ] . . )
§ r ®  Model with parameters: full locking range, i.e.2Awi,. The figure clearly shows
et r a=01A 1 that the locking ranges can be significantly improved by the
5 00 ¢ B=150 amp 0/p feedback amplifier; in this case, when the dc amplifier output
S - at anode A . . .
g - K =63 MHZ/V 1 is connected at the anode of the varactor diode. This ILPLL,
& 200 ¢ J therefore, hasin® < 0. The locking range for the ILPLL is
é‘) - © =67 . . more than doubled over the range of injection power examined
E 100 - ) . compared with the ILO. This is a significant improvement
N T Amp o/p at cathode ] for coupled o_scillator _applicationg [21, 3], [_7], [10],_ [11].
0 D Note that theincreasein the locking range is not simply
-25 20 -15 -10 -5 0

a loading effect whereby the loop amplifier decreases the
Q-factor of the VCO; this is verified by thelecreasein

Fig. 5. The experimental results and the models of the locking bandwidi€ locking range when the ampllfler is connected at the
of the ILPLL for different connection positions of dc amplifier output at thecathode of the varactor. The locking range could be further
varactor diode. The models are quite consistent with the experimental resyltreased by increasing the gain of the feedback amplifier
or the drain resistolRpp. In addition, the circuit could be

) ) ) o ) ~_improved significantly by providing a matching network for
the oscillator signal against the injection signal, and the mixinge injection source.

product will be superimposed on the oscillator output. The yging the model (10), we find an excellent fit to the
RF choke used in the bias circuit serves as a low-pass filtg{easured data using the measured amplifier and VCO char-
coupling the low-frequency mixing products to an amplifiefacteristics along with best-fit parametess = 0.1 App and

The output of the amplifier is, in turn, fed back to the varacteg ~, _g7°, whereA,,; is the external injection source voltage
through a second RF choke. The varactor diode cathodeajgplitude (estimated from the known injection power and an
biased with a reference voltage at a virtual RF ground, wilssumed load impedance). The model predictions are shown
the anode end connected to the FET gate, which is alsg& solid dots in Fig. 5.

dc ground via an RF choke. The low-frequency feedback canThe measured output power versus injection frequency for
then be introduced at either the cathode or anode end, whig |LPLL is shown in Fig. 6, over the range of frequen-
changes the sign of the feedback signal on the FET gate. cies associated with the respective locking ranges for each

The loop amplifier uses a two-stage bipolar junction traase. The ILO amplitude variation is also shown. In all the
sistor (BJT) (NEC56708) broad-band feedback amplifier [Sfneasurements, an injection power-e8 dBm was used. The
which provides over 30 dB of gain up to 300 MHz, withamplitude variation for the ILO case is related primarily to the
a linear gain near dc of approximately ~ 150. The fre- saturation of the device nonlinearity, whereas for the ILPLL
quency response of the amplifier is shown in Fig. 4. Thease with enhanced locking range, the amplitude variation also
low-frequency gain of the amplifier is of most interest foincludes a large contribution due to the frequency dependence
the “hold-in” range, while the bandwidth of the loop stronglyf the nonlinearity, which we can think of as an equivalent
influences the “capture” range of the system. frequency-dependent negative resistance. It is possible to im-

The measured locking ranges for the isolated VCO (ILQdrove the circuit design to minimize the variation in equivalent
and the ILPLL for both possible varactor configurations angegative resistance versus frequency and, thus, “flatten” out the
shown in Fig. 5. The locking range in this figure is themplitude variation. This has not yet been attempted.

P, (dBm)
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V. NOISE ANALYSIS

) ) o External 5Bt
In this section, we will find the upper and lower bounds of o6 Injedion Noise “1ij

the phase noise of our ILPLL, and the conventional PLL for &1, Amplfier
comparison. In the simulations, we assume that the phase noise e it Ryl

of the dc amplifier introduced in the ILPLL is very small and

negligible as compared to that of the oscillator or PD. For the CZ 1
best case, we assume that the phase noise of the PD is zero. —
. . Loop Ink
As a worst case, we assume that the phase noise introduced to varactor Slaved

by the PD is the same as that of the oscillator in the system
for calculation convenience.

To analyze the output phase noise of the ILPLL, a noise
admittance is used to represent the internal noise source of the gmﬂmg
oscillator [6], [8]-[10], and a loop transfer function [12]-[14]
to describe the circuit external to the VCO. The approach
involves linearizing the system under the assumption of small
fluctuations, and transform to the frequency domain to examiﬁﬁ. 7. The block diagram of the ILPLL system. The noise introduced by
the spectral characteristics of the noise. In this analysis, a#h transfer function can be added with the respective output signal for the

neglect AM noise and possible AM-to-PM conversion in thealculation of total output noise power spectral density of the system. The
VCO can also act as the PD (or mixer) function, and the noise of the slaved

VC_O;_ therEfore* the_ analyt'_cal results are expected to l3§t:illator and that of the PD function may be correlated. The block diagram of
optimistic and are primarily intended to compare the ILPLE+1"in the ILPLL represents the effects of the dc amplifier output connection
scheme with the ILO and PLL. position at the varactor diode on the ILPLL performances. Thé&™means

- . the amplifier output connected at the cathode ard™at the anode of the
Under these assumption, it has been shown that the outpggcto‘: 'd'iod; pu

phase noise of a single ILO is [6], [8]-[10]

.
veo Noise 990sc !
H
H

1
'
'
'
1
]
'
|
'
'
v

Ndse

§0? = (w;B)QV%OP output phase fluctuation is easily found as
osc - w 2 5 2/) _ j ~ — — ~
(ws dB) + p* cos (9 91113) . N 5’9 - 69050 =+ KO((SQa + 6QdF(w)) + KOKdF(w)éeinj
p2 COSQ(Q — Hinj)|691nj|2 (16) o 1+ KoKdF(w) '

( & )2 + p? COS2(é — Oinj) a7

«3 dB

where the tildg") denotes a transformed or spectral variablg;he power spectral density of the output noise is then found
w is the frequency offset from the carriessap = wo/(2Q) as (|66 §6]), where () denotes an ensemble average (this
is the full-width-half-maximum bandwidth of the free-runninghotation is subsequently suppressed). Computation of the
oscillator's embedding circuit (i.e., the 3-dB bandwidth), andower spectral density, therefore, requires knowledge of the
wo is the free-running frequency of the slaved oscillapp cross correlation of all the various noise sources in Fig. 7.
Ainj /A is the relative injection signal amplitude normalized t&ince the VCO is functioning as both an ILO and PD, the
the free-running signal amplitudéjs the steady-state value ofphase fluctuation$f.s. and 62, are probably correlated to
the output phase, anfth,; is the injection signal phaséify|> some extent; a noise correlation coefficiefif is used to
represents the power spectral density of the phase noiseegpress this correlation as
the free-running oscillator, andé,,;|? is, similarly, the phase
noise of the injection signal into the oscillator [6], [8]-[10].
From (16), the ILO phase noise is that of the injection source
near carrier frequency, and returns to its free-running noise for
the noise offset frequency far from the carrier frequency. Where0 < C, < 1. We assume all other noise sources are
A similar analytical approach is applied to the ILPLL usingmcorrelated. The output phase noise of the ILPLL circuit
the block diagram in Fig. 7 [12]-[14]. In this figurd(, is then becomes
the slaved oscillator transfer function (the tuning sensitivity),

6 ~x
E : 69050

= Cn|6~905c|2

2

K, = « is the PD transfer function linearized around the |§9|2 =1 _H(w)|2|§90“|2 + [H(w))? 08ky
operating point (PD sensitivity), anl(w) is the transfer func- Kq
tion of the dc amplifier and associated filtering components. (F(w) + F*(w) KK =
: : + Crn|600sc|
These transfer functions are used to examine how the spectral 11+ F(w) K Ko|?
characteristics of noise are affected by the feedback. The noise | K2 ~
associated with each block function is linearly superimposed + T (;K Ko? 1692, |7 (18)
W) giro

with the signal immediately following the transfer function.
605 is the output phase fluctuation of the ILO as given byyhere the loop transfer function is

(16), 62, is the noise introduced by the PD, ahft, is the

dc amplifier noise (different symbols are used for the PD and H(w) = M. (19)
amplifier noise since these are amplitude fluctuations). The 1+ F(w)KaKo
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. Fig. 9. Spectral characteristics of the relative output phase noise of the ILO
Noise Offset Frequency (Hz) (without feedback loop), conventional PLL, and ILPLL with the first-order
) L ) ) loop at normalized injection source strength= 0.25. The possible output
Fig. 8. Spectral characteristics of the relative output phase noise of fgase.noise ranges of the ILPLL and conventional PLL are also shown in

free-running oscillator, external injection source, ILO (with feedback loopy,e figure, which are affected by the magnitude of the phase detector (or the
conventional PLL, and ILPLL with the first-order loop versus normalize%ixer) noise in the circuits (see text).

injection source strength. The phase-noise curves of PLL and ILPLL shown
here use the assumption that PD noise in the circuits is zero for best case.

The ILPLL has lower output phase noise than the PLL in the low-noise offset L . .. .
frequency range for the best case. as that of the external injection source for simplicity (i.e.,
6 = 6i;), and the PD noise in the ILPLL or PLL is zero

for the best case (or lower bound). We find the output phase

From (7), the upper sign is for feedback to the varactéoise of the ILPLL wit_h zero PD no_is_e can be muph lower

cathode, and the lower sign is for anode connection. The spitan that of the PLL with same conditions at low-noise offset
tral characteristics of the output noise are, therefore, strondfduency. The noise reduction at low-noise offset frequency is
dependent on the filter functiof(w). In the following, we due to the dc amplifier transfer function in the feedback loop,

discuss two loop transfer functions: a first-order loop and#hich can reduce the output sensitivity and phase noise of the

second-order loop. whole ILPLL feedback system. For higher injection strength
p, the phase noise of ILO improves further [8], and that of
A. First-Order Loop the ILPLL also improves. From (9) to (11), we know that

the phase dynamics equation, new locking bandwisith_, ,
and the new phas®’ depend on the connection position
of the dc amplifier output at the cathode or anode of the
Flw) = Fi(w) = G (20) varactor diode. The simulation results show that the output
1+ jwTo phase-noise curves of the system for different connection
positions of the dc amplifier output at the varactor diode are
where 1/Tp is the dominant pole of the loop transfer funcvirtually indistinguishable from each other and, thus, difficult
tion. This is a good approximation for our prototype circuito present on the same curve for comparison (Fig. 8). The
using the parameter& = 100, and 7, = 2.386 x 10~°. cross-correlation noise term between the ILO noise and PD
Substituting (20) into (18) and using the model parametemsise in the ILPLL is also very small and can be neglected.
previously described allow us to compute the expected noisdn Fig. 9, the possible phase-noise ranges for ILPLL and
spectral characteristics for a given set of noise sources. Rl are shown for comparison. In the best case of the ILPLL,
the purposes of illustration, we assume that the injected sigmdiere the PD noise in the ILO is zero, the output phase noise
and free-running noise sources have ideAl? dependence, of the ILPLL can be much lower than the conventional PLL
with an injected signal noise several orders of magnitude loweith zero PD noise. In the worst case of the ILPLL, where the
(better) than the free-running FET oscillator. We also assurR® noise in the oscillator device has same noise power spectral
that the contribution to output noise due to fluctuations in thdensity as the ILO, the output phase noise of the ILPLL tracks
loop amplifier(&fza) are negligible in comparison to those othe noise curve of the ILO without any loop. In the best case
the oscillator and phase detector. of the PLL where the PD noise is zero, the phase-noise curve
With the above transfer functions, we plot the phasés very small over a broad noise offset frequency range. In
noise curves of the free-running oscillator, injection sourc#)e worst case of the PLL, where the PD noise power spectral
ILO without feedback loop, PLL, and ILPLL with different density is the same as the oscillator noise, the output phase of
normalized injection source strength (Fig. 8). The PLL udbe PLL tracks the noise curve of the free-running oscillator.
the same PD and amplifier (or filter) transfer functions aeherefore, we find the upper and lower bounds of the possible
those in the ILPLL, but the VCO phase noise in the PLL iphase noise for the ILPLL and PLL. For clarity of the figures,
independent of an external injection source. We have assumezlonly plot the case of = 0.25 in Fig. 9 to show the possible
that the output steady-state phase of the oscillator is the saph@se-noise ranges of our ILPLL and the conventional PLL.

A first-order low-pass loop transfer function is [12]-[14]
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10 10 10 10 10 10 Fig. 11. Spectral characteristics of the relative output phase noise of the ILO
Noise Offset Frequency ( Hz ) (without feedback loop), conventional PLL, and ILPLL with the second-order

loop at normalized injection source strength= 0.25. The possible output
Fig. 10. Spectral characteristics of the relative output phase noise of fhigase-noise ranges of the ILPLL and conventional PLL are also shown, which
free-running oscillator, external injection source, ILO (without feedback loopare affected by the magnitude of the phase detector (or the mixer) noise in
conventional PLL, and ILPLL with the second-order loop versus normalizafle circuits (see text).
injection source strength. The phase-noise curves of PLL and ILPLL shown
here use the assumption that PD noise in the circuits is zero for the best case. .
The ILPLL has lower output phase noise than PLL in the low-noise offs€0iS€ Of the ILPLL can be much lower than the conventional

frequency range for the best case. PLL with zero PD noise. In the worst case of the ILPLL,
where the PD noise in the oscillator device has the same noise
power spectral density as the ILO, the output phase noise of
the ILPLL tracks the noise curve of the ILO without any
The transfer functiont'(w) of the dc amplifier (or the |oop. In the best case of the PLL, where the PD noise is
combined dc amplifier and low-pass filter) for a second-ordgém’ the phase-noise curve is very small over a broad noise

B. Second-Order Loop

loop [12]-[14] is offset frequency range. In the worst case of the PLL, where
jwTs + 1 the PD noise power spectral density is same as the oscillator
Fw) = Fy(w) = el (21) noise, the output phase of the PLL tracks the noise curve of the

free-running oscillator. Therefore, we find the upper and lower

whereZ; and 7> are the parameters of the dc amplifier. Wgounds of the possible phase noise for the ILPLL and PLL.
can use the measured parameters of our prototype ILPEbr clarity of the figures, we only plot the case®f 0.25 in
at 10 GHz in the noise simulations. We can design the @i§g. 11 to show the possible phase-noise ranges of our ILPLL
amplifier with the parametefs;, = 1.0848-1071Y second and and the conventional PLL.
T» = 3.389-1077 second to obtain 30 dBm of the power gain |n the above simulations, we study the first- and second-
of the loop dc amplifier over a large input frequency rang@rder loop for our ILPLL. The ILPLL with the second-order
The VCO tuning sensitivity is assumét, = 63 MHz/V, and  |oop can have much better output phase-noise reduction than
the PD function of the VCO gy = 0.14;y; with the unit the one with first-order loop. However, in reality, the first-
of volts per megahertz, wherd,,; is the amplitude of the order loop is much easier to implement than the second-order
external injection signal with the unit of volt. loop because the typical dc amplifier belongs to the first-

With the above transfer functions, we can plot the phasgrder loop. It should be noted that the curves in Figs. 8-11
noise curves of the free-running oscillator, injection sourcgnly consider the contributions of the oscillator phase-noise
ILO without feedback loop, PLL, and ILPLL with different sources. The phase-noise relation of the ILO and PD function
normalized injection source strength (Fig. 10). The PLL us@sside the ILPLL is not well known. In the simulations,
the same PD and amplifier (or filter) transfer functions age also neglect the background thermal noise introduced by
those in the ILPLL, but the VCO phase noise in the PLL ige resistors in ILPLL circuits, dc amplifier noise, oscillator
independent of an external injection source. We have assum@g noise and AM-to-PM noise conversion, and PM noise
that the output steady-state phase of the oscillator is the sagiegerioration due to the nonzero steady-state phase difference
as that of the external injection source for simplicity (i.epetween the oscillator output and injection source [6], [8].
¢ = 0:n;), and the PD noise in the ILPLL or PLL is zero for theynfortunately, it is very complicated to completely treat the
best case (or lower bound). We find the output phase noisewfHole output phase noise of the ILPLL. However, it is possible
the ILPLL with the second-order loop has much better noisg minimize these effects by careful design of the low-noise

reduction than the one with the first-order loop. The phasggcillator in the ILPLL in order to reach the lower bound
noise of the PLL with the second-order loop also has lowg(rve as closely as possible.

phase noise than the one with the first-order loop.

In Fig. 11, the possible phase-noise ranges for the ILPLL VI. CONCLUSION
and PLL are shown for comparison. In the best case of theWe have extended the previous reported work [4] of a
ILPLL, where the PD noise in the ILO is zero, the output phasemple scheme for enhancing the hold-in and capture ranges of
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standard MESFET VCO'’s using an inexpensive low-frequencys] P. R. Gray and R. G. MeyeAnalysis and Design of Analog Integrated
- ifi i i iniection-  Circuits, 2nd Ed. New York: Wiley, 1984, ch. 10.

dc-coupled feedback amplifier which .comblnes the |nject|onﬁ] H-C. Chang, X. Cao. U. K. Mishra. and R. A. York, “Phase noise in

locked ‘T’md PLL r_nethOdS- Such a circuit can be termed an” coupled oscillators: Theory and experimenEEE Trans. Microwave

ILPLL since injection-locked and PLL processes are at work. Theory Tech.vol. 45, pp. 604-615, May 1997.

The oscillator in the ILPLL also provides the function of [7] H.-C. Chang, E. S. Shapiro, and R. A. York, “Influence of the oscillator
equivalent circuit on the stable modes of parallel-coupled oscillators,”

a mixer or PD. In this paper, we investigate the phase and |Egg Trans. Microwave Theory Techol. 45, pp. 1232-1239, Aug.
amplitude dynamics of the ILPLL. The locking range of the 1997

: [8] H.-C. Chang, X. Cao, M. J. Vaughan, U. K. Mishra, and R. A. York,
ILPLL can be more than double that of the isolated VCO “Phase noise in externally injection-locked oscillator arraysEE

injection-locking range over the same range of injected signal Trans. Microwave Theory Techvol. 45, pp. 2035-2042, Nov. 1997.

power. The amplitude dynamics of the ILPLL is not affected[®] H--C-I (éhang_ilf- Cao, U-"K-wEMEISI»Eth,T?nSd IRt- /'?/i_YOYK, “Phsase ﬂOEI)S_»e in
. i, o coupled oscillator arrays,” i -S Int. Microwave Symp. Djg

by the connection position qf dc amplifier outpu_t at the gnqde vol. 2, Denver, CO, June 1997, pp. 10611064,

or cathode of the varactor diode. These theoretical predictions] H.-C. Chang, “Noise and stability analysis of coupled oscillators,”

are consistent with our experimental results. We also propose Ph.D. dissertation, Dept. Elect. Comput. Eng., Univ. California at Santa
imol h | h h . fth Barbara, Santa Barbara, CA, 1998.
a simple method to analyze the phase noise of the ILPLL {£] 3.3 Lynch, H.-C. Chang, and R. A. York, “Coupled oscillator arrays and

compare the phase-noise performance with the free-running scanning techniques” iActive and Quasi-Optical Arrays for Solid-State

oscillator, external injection signal, ILO without any feedback  Power CombiningR. A. York and Z. B. Popow’ Eds. New York:
| 9 y Wiley, 1997, pp. 135-186.

loop, and conventional PLL. The output phase noise of the) r. T.'Ramos, P. Gallion, D. Erasme, A. J. Seeds, and A. Bordonall,

ILPLL combines the properties of the ILO and PLL, and has “Optical injection locking and phase-lock loop combined syster@t.

; i ; _nai ; Lett, vol. 19, no. 1, pp. 4-6, Jan. 1994.
exceptlonal noise reduction at low n_0|se offset frequenC|e[§3] R. T. Ramos and A. J. Seeds, “Comparison between first-order and
where we have assumed that the noise of the PD function of  second-order optical phase-lock looptEEE Microwave Guided Wave

the oscillator is much smaller than the oscillator phase noise.  Lett, vol. 4, pp. 6-8, Jan. 1994.

. . 4] B. Skjoldstrup, E. Bodtker, and G. Jacobsen, “New method for electrical
By careful design of the oscillator and the loop tranSfé} frequency locking of optical FDM transmitter,J. Lightwave Technaql.

function, we can improve the output phase noise at low- vol. 9, pp. 494-504, Apr. 1991.
noise offset frequency of the ILPLL. Such circuit design of

ILPLL combining the injection locking and PLL is cheap,

easy to design, and can be applied to any frequency range

because no PD (or mixer) design is involved. The ILPLL

can be modified to include a phase shifter and/or frequency

divider in the feedback loop to improve the circuit performanc-
further, which can easily adjust the locking bandwidth an
dynamic range of the circuits. Such circuits show promises f
constructing high-performance coupled-oscillator arrays, a
can be applied in many components and subsystems of cc
munication electronics, such as the frequency synthesizer, |
demodulator, and so on. In the future, we hope to investige ~ma

various modifications and applications of the ILPLL, and th ?ggf\“)“:‘:&aat;ogyssésr;‘f”stiéit%ﬁoﬁggr_‘;‘;rt‘itggl' approach
noise properties of the PD (or mixer) function of the oscillatafication system, and digital private branch exchange (PBX) systems. He
in order to further improve the circuit performance and outpis currently a Research Engineer at Santa Barbara Photonics Inc, Santa

phase-noise reduction at the low-noise offset frequency. Barbara, CA. His current research interests include noise analysis, nonlinear
microwave-circuit design, coupled-oscillator theory, digital communication

system, nonlinear optics, statistical optics, and quantum optics.
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