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Abstract—Measuring the phase noise of low Q free-
running oscillators at close-in offset frequencies from
carrier (<10KHz) is usually difficult using convention-
al measurement methods due to the oscillators’ fre-
quency instability. To solve this problem, a new mea-
surement technique has been developed as a practical
alternative for quick and accurate phase noise mea-
surements without the use of expensive equipment.
The injection locking technique is used to stabilize the
free-running oscillator with a clean reference source,
thus the phase noise can be down-converted and mea-
sured by a signal analyzer at base-band. The phase
noise of a 9.3 GHz voltage control oscillator (VCO) has
been tested to verify the new approach, and the mea-
surement results agree very well with those obtained
using an HP phase noise analyzer.

I. INTRODUCTION

OW PHASE NOISE OSCILLATORS are in great de-
mand due to the rapid growth in applications of mi-
crowave and RF synthesizers. The oscillator’s close-in
phase noise has become more and more important in im-

proving the overall system performance. In developing
high quality and low cost oscillators, one needs to accu-
rately and easily examine the close-in phase noise of
oscillators without using expensive equipment. This pa-
per presents a new measurement approach which satisfies
this demand.

There are three conventional methods for phase noise
measurement: 1) using a spectrum analyzer to measure
the power spectrum; 2) using a delay-line as a frequency
discriminator; 3) down-converting the phase noise using a
clean reference source (phase detector method). Each of
these measurement methods has its limitation in measur-
ing low Q free-running oscillators due to the high level of
frequency instability of the oscillators [1, 2].

This paper presents a measurement approach which is
based on the concept of down-converting an oscillator’s
phase noise using a stable reference source. Instead of us-
ing PLL to synchronize the clean source to the oscillation
signal, the injection locking technique is used to provide
similar synchronization which can be easily realized for
free-running oscillators. In addition to a few microwave
components, such as an isolator and a coupler, the only
specialized equipment needed in the system is a dynamic
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Fig.1 Phase noise measurement setup using injection locking technique.
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signal analyzer.

II. MEASUREMENT SETUP

The proposed phase noise measurement system is
shown in the conceptual block diagram in Fig. 1, which is
described in detail below:

e A stable synthesizer is used as a reference source, and
its output signal is split into two paths. One signal in-
jection locks the oscillator via a directional coupler;
the other goes through a phase shifter to a mixer’s LO
port to be phase compared to the oscillator signal.

e An isolator prevents any signal due to leakage from
the LO to RF ports in the mixer from reaching the os-
cillator; and the phase shifter (or a line-stretcher) is
used to setup a quadrature phase difference between
the signals at the LO and RF ports allowing the mixer
to work as a phase detector.

» The phase noise difference between the reference sig-
nal and the injection locked VCO signal is detected by
the mixer at the IF port as a voltage noise, <v>>, which
is measured by a dynamic signal analyzer.

» The phase noise of the free-running oscillator is re-
trieved using the measured voltage noise at the dynam-
ic signal analyzer. The detailed theory is presented in
the following text.

3. OPERATING PRINCIPLES

In this new approach, injection locking has been chosen
to stabilize the oscillator to allow measurements on slow-
ly varying noise. Clearly, the noise measured at the phase
detector ( the mixer) only presents the phase noise of the
locked oscillator, not the free-running one. To retrieve the
free-running phase noise, one has to use the relation be-
tween the injection locked and the free-running phase
noise of the oscillator, which has been well established [3,
4]. The phase noise of a fundamentally injection locked
oscillator (<¢2100ked>) can be expressed in terms of the
locking bandwidth, phase noise of the reference (<¢2,ef>),
and the phase noise of the free-running VCO without any
injection locking (<¢2vco>):
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where A®;, is the static phase shift between the locked
oscillation signal and the injection signal. A is the injec-
tion locking bandwidth of the oscillator, which is defined
as the overall frequency tracking range of the injection
locked oscillator. Q is the angular offset frequency for the
phase noise power spectrum. When the locked oscillator
is phase compared with the reference signal at the mixer,
their phase noise difference is detected as voltage noise at
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the output of the mixer:
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G, is the phase detection gain of the mixer, and <5v*>
represents the noise floor due to the mixer and the signal
analyzer (receiver noise). In actual phase noise measure-
ments, the receiver noise floor contribution as well as the
phase noise from reference are negligible compared to the
noise of the free-running VCO, thus the oscillator phase
noise can be directly retrieved from the detected voltage
noise using this expression:

402+ Aw? cos? ( AS;

<¢%/co(9)>—ég 4QT( mJ) v2(2)> (3)

40 T — ‘ 100

36 \;\ 7 80

32 Ak J’ _[ 60
—~ 28 40 ;DU-
% 24 & 20 é
. N\ 2
= e n WA o B
g L / \V e
< i M AN 40 2
N =
8 ‘L -60 0‘2
| O g
4 7 ) \ ’ y -80 Q,

0 -100

25 20 -15 -10 05 00 05 10 15 20 25

Detuning Frequency, 8F, (MHz)

Fig. 2 The transfer function of an injection locked VCO,
which is defined as the ratio of the oscillator output to the
injection input signal. The detuning frequency is defined as
the difference between injection frequency and the original
free-running frequency. The free-running frequency of the
VCOis 9.3 GHz. The locking bandwidth is about 1.62 MHz,
indicated by the two markers.

To conceptually explain the working principles of the
above presented theory, the transfer function of an injec-
tion locked oscillator is displayed in Fig.2 as a function of
the detuning frequency which is defined as the difference
between the reference frequency and the intrinsic free-
running frequency of the oscillator. Within the locking
bandwidth, the amplitude remains flat due to the frequen-
cy tracking of the oscillator signal, however, the transfer
function phase shift varies approximately from +90° to
-90°. This phase shift, A®y,;, can be expressed as an in-
verse sin-function of the detuning frequency, F [5]. Since



the phase shift is a strong function of detuning frequency,
any frequency jitter in the oscillator will be converted into
output phase noise of the locked oscillator. Therefore, an
injection locked oscillator can be considered as a frequen-
cy discriminator, which converts the oscillator frequency
noise into phase noise like a high Q filter or a long
delay-line.

By letting <v> equal to zero in Eq.2, one will obtain
the system noise floor of the whole phase noise measure-
ment system, which is the lowest measurable level of
<0 weo( >

2
<¢%loor(n)>=<¢gef(n)>+(%615) <6v?> (4)

Since the receiver noise contribution is proportional to
the inverse of Q° , it dominates the noise floor at low offset
frequencies, and the effects of reference phase noise will
become significant at relatively high offset frequencies.
The receiver noise contribution can be easily controlled
by adjusting the injection power level, which determines
the locking bandwidth. In addition to the noise contribu-
tion shown in Eq. 4, there are secondary noise contribu-
tions, such as AM/PM noise conversion in the oscillator
and the mixer.

4. EXPERIMENTAL VERIFICATION

A BJT based voltage-controlled oscillator (VCO) at 9.3
GHz was used to validate the measurement approach pre-
sented in Fig.1. A M/A-COM BIT with 0.25pum emitter-
width was used as the active device, and the resonator
was realized using lumped LC components. The output
power of the VCO was 4dBm, and the injection signal was
approximately -35 dBm. An HP8671B synthesizer was
used as the reference source, and an HP35670A dynamic
signal analyzer was used to detect the down-converted
noise signal at base-band from 10Hz to 51 KHz.

In the measurement, the injection frequency of the ref-
erence signal was tuned slowly across the free-running
frequency to determine the injection locking bandwidth.
Meanwhile, the phase detection gain of the mixer was ob-
tained by observing the DC voltage variation at the mixer
IF port. The reference frequency was then fixed at the
center frequency of the injection locking bandwidth to set
Ad;;,;=0, and the phase shifter was adjusted to the quadra-
ture phase difference between the LO and RF signals at
the mixer. The measured injection locking bandwidth was
1.62MHz, and the phase detection gain of the mixer was
0.102v/radian. The power spectrum of the detected volt-
age noise measured by the singal analyzer for the 9.3 GHz
VCO is displayed in Fig. 3.
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Fig.3 The power spectrum of the voltage noise detected by
the dynamic signal analyzer in measuring the 9.3 GHz VCO.
The noise floor of the dynamic signal analyzer, <8v%> was
approximately -150dBV%/Hz.

b 111
g 30 ... Results of the HP }'
s X f ' Phase Noise Analyzer{]]
=z |
s ° AT [ ][] === Resuits of the New Il
A 0 i Approach H
T T
? -20
E 430 !
£y [Signa angl)‘zez' L '
g .5 [contribution . ™ 'l
.
2 . L~ ~ ]
& 0 T S P Ay
2 0 Noise of the P = ———— N m
2 80 reference source ol
E 90 LTl ~
0 l N
1 10 100 1,000 10,000 100,000

Offset Carrier Frequency (Hz)

Fig.4 The measuredphase noise of the 9.3 GHz free-
running VCO as a function of offset carrier frequency. No-
tice that the one-half of phase noise power is displayed
since the HP analyzer output format was "single-side-band
(SSB) signal to noise ratio”.

The free-running phase noise of the VCO is then deter-
mined using Eq. 3 as shown in Fig.4. The phase noise of
the same oscillator measured using an HP phase noise an-
alyzer is also displayed in Fig.4 for comparison. In mea-
suring the VCO’s phase noise with the HP phase noise
analyzer (HP3047A), the delay-line approach was used
due to the difficulty in phase locking the synchronizer to
the VCO. The time delay of the delay-line was about
12ns, and the corresponding system noise floor for this
phase noise measurement was approximately -75dBc/Hz
at 10KHz.

The comparison clearly shows excellent agreement be-
tween the two measurement methods. The slight discrep-
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ancies between the two measurement results are mainly
due to the different environmental noise sources at the two
measurement sites. The system noise contributions in the
proposed approach are also displayed in Fig. 4. As indi-
cated by Eq. 4, at close-in offset frequencies (<1KHz), the
floor is dominated by the noise of the dynamic signal an-
alyzer, which is 30 to 50 dB lower than the noise of the
VCO. At frequencies above 1 KHz, the reference phase
noise from the stable synthesizer determines the system
noise floor.

5. DISCUSSIONS

Being a frequency discriminator realized by injecting a
clean reference signal to an oscillator, the new approach
can be considered as a compromise between the delay-
line method and the phase detector method with PLL [1].
The combination of the advantages of these two methods
makes the compromise very suitable for low Q free-
running oscillators with injection locking path. For exam-
ple, a reliable injection locking bandwidth at 1MHz can
be easily achieved in the above mentioned 9.3 GHz VCO.
To achieve the equivalent level of frequency discrimina-
tion, one would need a 500 ns time-delay, or approximate-
ly 70 meter low-loss cable, which is impractical. Com-
pared to the phase detector method with PLL, one advan-
tage of using injection locking is that it can be easily
realized since the injection locking only needs a few mi-
crowave components. One can easily increase the injec-
tion locking bandwidth by increasing the injection power
to overcome the oscillator’s frequency drift, whereas such
frequency tracking is very limited in the conventional
PLL approach due to the tracking bandwidth of the
synthesizer.
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