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Abstract—A new calibration approach is described for phase  Oscillator Directional Double-
noise measurements of free-running voltage controlled oscillators Under Test  Coupler o550, Balanced
using the injection locking technique. The injection locking tech- Mixer

nigue allows the locking of free running oscillators to a reference 'T’
over a wide bandwidth during a phase noise measurement. Com- T LPF LNA
pared to conventional phase noise measurement techniques, the in- Variable j Baseband
jection locking technique involves a calibration procedure, which Attenuator Analyzer
may be tedious and time consuming. The new approach may be Reference j
used to perform an automated calibration procedure of the system ~ Source Noise
commonly used for these measurements. Power Quadrature Output
Divider [__| Monitor

Index Terms—njection locking, measurement calibration, Shifter (Oscilloscope)

phase noise, phase noise measurement. FM Input

Fig. 1. Block diagram of the basic injection locking measurement setup.
I. INTRODUCTION

NJECTION locking is a well-known physical phenomeno®f the mixer, operated as a phase detector, is proportional to the
in which an oscillator’s output frequency will track the frejphase noise of the locked oscillator.
guency of an injected signal within a limited bandwidth. This When the oscillator is injected with an external low-lével
bandwidth, called the locking bandwidth, is dependent on tligiection signal, the phase dynamics of the injection-locked os-
quality factor of the oscillator and on the magnitude of the incillator are described by the so-called Adler equation [2]:
jected signal. Once locked to the injected signal, the frequency

drift of a free-running oscillator is eliminated. Since the phase d¢ — _Yiree <Ai"j) sin (¢) 4+ Aw, (1)
noise of alocked oscillator will be suppressed within the locking dt 2Q A

bandwidth, it is necessary to accurately characterize the locking AWy =Wfree =~ Winj (2)
bandwidth in order to correct for the decreased phase noise @ = Prock — Piny 3
levels. As demonstrated by the authors in a recent conference V = Aed®tock ()

paper [1], it is possible to intentionally induce broadband phase Vin: = Ay s exXp jdini ®)
noise as a means to determine the locking bandwidth. Since this inj = finj EXPJPinj

novel procedure can be automated, it provides a path to a%ered)lock’ wfree, Q andV are, respectively, the instantaneous
matic calibration of injection locked phase noise measuremejHase of the output signal, free-running frequency, loa@ed
systems. factor of the embedding network and the output voltage phasor
of the oscillatorV;,,; is the voltage of the injected signal, aAd
Il. THEORY andA,,,; are the magnitudes of the phasbrandV;,,;, respec-
A phase noise measurement system employing the injectié{€!y-

locking technique is shown in Fig. 1. The locking signal is sam- Equation (1) makes it possible to determine the behavior of
pled from the reference source and injected via a directiorlp oscillator disturbed by a weak external signal. When the
coupler. Step attenuators are used to adjust the magnitude oftpiéage-controlled oscillator (VCO) is locked to the injected
injected signal and thus the range of frequencies to which tpignal
oscillator will remain locked. An isolator is included to keep dep
the LO-to-RF leakage at the mixer from unintentionally injec- - =
. . . . . . . dt
tion locking the oscillator. The synchronized oscillator signal is
phase compared to the reference source at the mixer. The oufidigt locking condition then becomes

0. (6)

Weree Awu .
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The phase noise of the oscillator in its free-running state _, -45 —r—rro Sy
determined from the measured double-sideband power spec ﬁ 0\ . — II: () E{) Injectilc‘}n
density of the voltage fluctuations (w,,, ) [V 2/Hz] at the IF port é 55 ,ng Injzzggﬁcgfgcrtﬁ
of the mixer. The following expression is used [3]: é o : '\\
65 F 3 qn TN,
40.17712 + A“—)lock2 = i h
Puco(wn) = == (W), ©) 3 s hld Y
GP 4wrn g P T - ‘\
In (8), wy, is the offset frequency from the carrier at which :QZV)) -85 8 .
the measurement is madgp is the phase detector constant ol 8 LBW/2 » \‘w\
the mixer operated in quadrature, aidy,.;. is the injection ; 95 16.5 KHz \\\
locking bandwidth, defined as A i e
-105 I I
1,000 10,000 100,000 1,000,000
AWlock = 2Awmax- (9)

Offset Frequency fm [Hz]

The phase detector constant and the locking bandwidth com-

pletely characterize the measurement system in Fig. 1. Fig. 2. _Example of random noise modul_a_ted response for the injection locking
The phase detector constant and the locking bandwidth Sygrem in the unlocked and locked conditions.

the two measurable parameters needed to perform a calibration

of an injection locking measurement system. The phase dete¢ggponse of a low-pass filter with a 3 dB roll-off frequency

constant can be obtained by measuring the beat signal preseggil to half the injection locking bandwidth. This is shown in

the output of the phase detector when the reference source BigH 2.

the oscillator are offset in frequency [4], or by introducing an For the curve labelethjection-uncorrectedn Fig. 2, the 3

FM sideband with known modulation rate and observing the rdB point below the flat region yields a frequency offset equal

sponse of the system. The locking bandwidth can be obtainedtByhalf of the injection locking bandwidth, in this case 33 KHz.

carefully tuning the injection signal across the center frequentlping 33 KHz as the locking bandwidth in (8), the data was

of the oscillator and observing the frequency band in which tigerrected and shown in Fig. 2 agection-correctedNote that

oscillator will remain locked to the reference. The accuracy #fe corrected data is reasonably close to the curve latmeled

obtaining the locking bandwidth using this method is limited t#jection

the tuning step size of the reference source and operator judgThe result of this technique is an accurate determination of

ment, since it is very difficult to determine when a locked corthe locking bandwidth, in an efficient manner that may be au-

dition exists at the band edges. tomated. This information is used along with the phase detector
constant to correct for the phase noise suppression caused by
[1l. NEW CALIBRATION TECHNIQUE injection locking the unknown oscillator under test.

Calibration of the injection locking system of Fig. 1 requires
characterization of the phase detector constant and the locking
bandwidth of the oscillator at a particular injection signal mag- The phase noise measurement system was setup as shown
nitude. With the oscillator-under-testin place, the phase detecitoiFig. 1. The phase detector constant was measured to be 95.1
constant can be obtained using the conventional methods mery/radian, and the locking bandwidth was estimated at 932 kHz
tioned above. Once the phase detector constant is known, thetnstuning the reference signal. When determining the locking
cillator-under-test is injection locked, and the reference sourbandwidth by means of tuning the reference source, errors are
is tuned to the nominal carrier frequency of the oscillator. Thistroduced by the difficulty in determining the edges of the
procedure ensures that the oscillator is in close proximity to thecking bandwidth, and by oscillator drift while making the
center of the locking bandwidth [3]. measurement. The random noise modulation technique was

Instead of tuning the reference source to determine theed and the locking bandwidth was determined to be 992 KHz.
locking bandwidth, the reference is frequency modulated witonnecting the baseband analyzer noise output to the FM input
a broadband random signal, such that the resulting (artificialby the reference source (HP8672A) generated the random noise
induced) phase noise of the reference is higher than that of thedulation.
oscillator being tested. The output spectrum of the system isTo enable a comparison, the phase noise of the free-running
observed with the oscillator in both the unlocked and lockeskcillator was calculated using (1) and the locking bandwidths
conditions. For the unlocked case, the spectrum observed atdb&ined with both the tuning and the random noise modula-
output of the phase detector is a line with a slope of 20 dB pion techniques. Fig. 3 compares the results of the phase noise
decade that is similar to the spectrum that is produced by tmeasurements and shows the device specifications. Because the
white noise frequency modulation. A white noise modulatingscillator-under-test is stabilized by injection locking when em-
signal is used because of its flat frequency characteristic, whigloying the broadband noise technique, a more accurate deter-
is changed tol\f? when transformed into phase noise bynination of the locking bandwidth is possible.
frequency modulation. Within the locking bandwidth of the The results obtained using injection locking to measure phase
system, this same 20 dB per decade line levels off to a flabise were compared to other systems. The purpose of this com-
(zero slope) line. The output spectrum resembles the frequepayison was to verify the measurement and calibration technique

IV. MEASUREMENTS ANDCOMPARISONS
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tems used are not specified. These commercial systems employ
different techniques to measure phase noise, including the phase
detector and discriminator methods. Differences in the data may
be attributed to environmental and operator variations among
other measurement factors.

V. CONCLUSION

A technique for obtaining the locking bandwidth of an in-
jection locking phase noise measurement system has been pre-
sented. Using white-noise modulation, the reduction of phase
noise caused by injection locking may be accurately character-
ized. The experimental results show close agreement between
measurements made using both the reference tuning and white

Fig. 3. Comparison of results using both the reference tuning and the randawise calibration methods. It has been shown that the white noise

noise modulation techniques for obtaining the locking bandwidth.
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modulation technique is an accurate method for determining the
locking bandwidth of an injection locked oscillator. Addition-
ally, this method is suitable for automating the calibration pro-
cedure for the injection locking technique.
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