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INVITED PAPER

Phase Noise
Measurements and
System Comparisons

ne of the most i1:]1‘.|m'[.'!1|1 l1.'||':u:u:'1{'|':;
for oscillators is ]J]Ii—l.‘i!‘ nedse as it is
critical to most applications.!2! There

are several methods for measuring phase noise
which will be covered here including the pros
and cons of each l'r*L-hm'rln(*. E".mm]:]e MEASUTE-
ments on various types of systems will also be
compared including their aceuracy and speed.
T]H plun{*{*r in ]'.I]I:I.H.'" noise me asurement
was Hewlett Packard.!® Modemn phase noise
SYEtems use the correlation l:ll'im'i:lm]v but this
method has some drawbacks. The most direct
and sensitive method to measure the ,l:|]{-4_-tr;|_|
flrmi11. of phase noise, 'ﬁEﬂi—m requires two
sourees — one or hoth n-f them mav be the
device(s) under test — and a double balanced
mixer used as a phase detector (see Figure 1).
The RF and LO input to the mixer should be in
phase quadrature, indicated by 0 V DC at the
IF port. Cood {ill.lfll atire assures maximuam
[}hdit‘ sensitivity Rﬁ and minimum AM sensi-
tivity. With a linear mixer, Kg equals the peak
voltage of the sinusoidal beat signal produced

when both sources are Ilc*queuca offset.

When hoth ‘H"H.lh are set in tlnru]rrlhm the
voltage AV at the IF port is proportional to the
E]ll(‘ll::iljl:ﬂ ]:]L:-uiv difference hetween thq_—r s
signials.

1
"JHrulh i (1
: KH"'"II.IJ'\-
ey (AVL ) (1Hz) 1 (AV,, } Hm]
h.‘uﬂ(tlljz ] ;{
Y B peak = "‘ B rms

| | (AV,, ) (1Hz)

L “m } "Ijuiilll ':l = 'l—{ 1.} [._' .:3:
B rms

where Ky = phase detector constant,
=V p oeak fOr a sinusoidal beat signal.
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The ealibration of the wave ana-

lyzer or spectrum analyzer can be
read from the equations. For a plot of
L{f,), the 0 dB reference level is to
be set 6 dB above the level of the beat
signal. The -6 dB offset has to be cor-
rected by +1.0 dB for a wave analyzer
and by +2.5 dB for a UM e
r with lﬁ amplifier and ave

r. In addition, noise bandwidth
corrections may have to be applied.

Since the phase noise of both
sources is measured in this system,
the phase noise performance of one of
them needs to be known in order to
measure the other source. Frequently,
it is sufficient to know that the actual
phase noise of the dominant source
cannot deviate from the measured
data by more than 3 dB. If three un-
known sources are available, three
measurements with three different
source combinations vield sulficient
data to accurately caleulate each indi-
vidual oscillator’s performance.

Figure 1 indicates a narrowband
phase-locked that maintains
phase quadrature for sources that are
not sufficiently phase stable over the
period of the measurement, The two
isolation amplifiers should prevent
injection locking of the sources. Re-
sidual phase noise measurements test
one or two devices, such as amplifiers,
dividers or synthesizers, driven by one
common source. Since this source is
not free of phase noise, it is important
to know the degree of cancellation as a
function of Fourier frequency.

The noise floor of the svstem is
established by the equivalent noise
voltage, AV, at the mixer output. It
represents mixer noise as well as the
equivalent noise voltage of the follow-
ing amplifier:

2
av, ) (1Hz
Lystem ([ Fi%‘l (4)

Noise floors close to =180 dBe can
be achieved with a high-level mixer
and a low-noise port amplifier. The
noise floor increases with § -! due to
the Hicker characteristic {llm_-"n.‘h"n, Svs-
tem noise Hoors of =166 dBe at 1 kHz
have been realized. This is the limita-
tion of this approach.

In measuring low-phase-noise
sources, a number of potential prob-
lems have to be understood to avaid
erroneous data;

o If two sources are phase locked to
maintain phase quadrature, it has
to be ensured that the lock band-
width is siglﬂﬁmnt]}' lower than the
lowest Fourier frequency of inter-
est.

* Even with no apparent phase feed-
back, two sources can be
locking (injection locked), resulting
in suppressed close-in phase noise.

*  AM noise of the RF signal can come
through if the quadrature setting is
not mntamedq sufficiently.

* Deviation from the quadrature set-
ting will also lower the effective
phase detector constant.

¢ Nonlinear operation of the mixer
results in a calibration error and
will add noise.

* A non-sinusoidal RF signal causes
K; to deviate from Vg 1.

* The amplifier or spectrum analyzer
input can be saturated during cali-
bration or by high spurious signals
such as line frequency multiples.

* Closely spurious  signals
such as multiples of 60 Hz may
give the appearance of continuous
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oszsa] oy
A Fig, & Automatic system to smeasure residual phase noise of two S662A synthesizers
(eourtesy of Hewlett-Packard Ca.,). h 2 T

]J]me noise when insufficient reso- celed due to improperly high de-

ution and averaging are used on lay-time differences between the
the spectrum analyzer. two branches.

* Impedance interfaces should re-  » Noise from power supplies for de-
main unchanged when going from vices under test or the narrowband

calibration to measurement.
* In residual measurement system
phase, the noise of the common
source might be insufficiently can-

'

phase-locked loop can be a domi-
- nant contributor of phase noise.

the oscilloscope, analyzer, counter
: or DVM can inject
noise,
* Microphonic
noise might ex-
cite  significant

gll;:se neise  in
ces,
Despite all these

hazards, automatic
test systems have

been  developed
and operated suec-
cessfully for years.

Figure 2 shows a
system that auto-

it e

A Fig. 3 Block diagram of HP 3047A.

26

= Peripheral instrumentation such as

| TYPICAL HP 117404 AT 10 GHx
| TYPICAL HP 3047A WITH HP 864624
AT 500 MHz

TYPICAL HP 3047A AT 1.6 GH:=

Fig. 4 Typical noise floor lmit.

matically measures the residual phase
noise of the 8662A synthesizer. It is a
residual test, since instruments
use one common 100 MHz refer
enced oscillator. Quadrature setting

-~ is conveniently controlled by probing

the beat signal with a digital voltme-
ter and stopping the phase advance of
one synthesizer when the beat signal
voltage is sufficiently close to zero.

DOING MEASUREMENTS

As shown in Figure 3, the Hewlett
Packard test equipment HP3047A
was built amunj a double-balanced
mixer which can handle +23 dBm of
power. While this HP equipment is
no longer manufactured and has been
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 HP 3047

A riz 5 The HP 304TA residual phase noise measurement, not cscillator phase notee.

replaced by the Agilent E5052A and

E5052B, this systemgi:?m some inter-

esting features.

1. The noise Hoor is about -177
dBe/Hz and the resolution, shown
in Figure 4 is approximately —180
dBe/Hz.

2. The limit of the dynamic range is
(Pyye (dBm) + KT — NF), (where NF
= NF,. + NF,,..} which in the case
of a 0 dBm oscillator would be ~174
dBc or relative to one sideband =177
dBc - NF. Assuming a signal to be
+20 dBm, then the ¢ range is

imately 200 dBc - NF,

3. term NF,. refers to the large
signal noise of the oscilla-
tor, which can vary from 2 dB at 10
MHz to 6 dB at 100 MHz or even
higher at 1000 MHz. As an example,
the far out SSB noise at 1000 MHz
:}sftypﬁcal!y -172 dBo/Hz at 5 dBm

output power.

4. 'Iﬁlze miixer lmd the post ampli-

r can easily go into compression
which mwtm floor. In the
previous publications for this
tem, this effect was not mnsidefﬁ.

It was found that some of the mea-

surements done with this system at

low frequencies were off, the erystal
oscillators in question were actually
better.

From a system’s point-of-view, the
numbers are not that optimistic, as
seen from Figure 5. The reason for
this is that the transistor used in the os-
cillator has its own noise contribution.
This system is used to measure residual
noise in amplifiers or switches. This is
an important diagram for system plan-
i

g
The HP 3047A has a built-in crystal
oscillator and its measured phase-noise is
shown in Figure 6, These measurements
are actually a little better than what was
specified by HP but these are not as good
as modem measurement systems.
Synergy kept the old HP
for these references. The
tem is software based and used an FFT
analvzer; for its time this was the best
system around, but the measurements
took a long time to make. Modern test
equipment using the cross-correlation
are at least 20 times faster.

NOISE IN CIRCUITS AND
SEMICONDUCTORS

Microwave applications generally
use bipolar transistors and E:?]luwing

are their noise contributions,356.9.21
MICROWAVE JOURNAL ® APRIL 2013
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Johnson Noise
* The Johnson woise (thermal
noise) is due to the movement of

molecules in solid devices called
Brown'’s molecular movements.
It is expressed as

vZ = 4KTyRB(emf) (volt?) (5)

The power can be written as:

2
i =8 W,
Noise Power IR kTUB( /{lz.)
for B = 1Hz, Noise Power = kT,

T = 290K and
k- Boltzmann's const. =

1.38x107%
by Thevenin, Noise Power =
1.38% 107 x 200 = 4 x 1072' W

L{w)=10. lag[ /B ]
=173.97 dBm or about =174 dBm (6)

== =
i e
=5 =
e

Jrﬁnﬂh*h‘ s

AFig 6 HPI0S11B measurement of 10 MHz signal on R&S FSUP.

* In order to reduce this noise, the
only option is to lower the temper-
ature, since noise power is directly
proportional to temperature.

The Johnson noise sets the theu-
retical noise floor.

Planck’'s Radiation Noise

* The available noise power does not
depend on the value of resistor but
it is a function of temperature T.

The noise temperature can thus be

used as a quantity to deseribe the

noise behavior of a general lossy
one—iort network.

* For high frequencies and/or low
temperature, a quantum mechani-
cal correction factor has to be in-
corporated for the validation of
ilc:jnatmn This correction term re-

ts from Planck’s radiation law,
which applies to blackbody radia-
tion.

Pw = KTAf
= KTAf o p(£,T);

w5

where h =6.626-107 J—s,

Planck’s constant (7)
Schottky/Shot Noise
* The Schottky noise oceurs in con-

ducting PN junctions (semicon-
ductor devices) where electrons
are freely moving. The root mean
square (RMS) noise current is giv-
_enby
il =2ql,,P=iZ (8)
where q is the charge of the electron,
P is the noise power, and [, is the DC
bias current.
Z is the termination load (can be com-
R s 1 { this
* Since the o noise gen-
oty

erated is t different, they are
independent of each ather.
Flicker Noise

* The electrical ies of sur-
faces or bmmd}:rynpfray:er: are in-
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fluenced energetically by states,
which are subject to statistical
fluctuations and therefore, lead to
the ficker noise or U noise for the
current How.

= LT noise is observable at low fre-
quencies and generally decreases
with increasing frequency f accord-
ing to the 1/f-law until it will be
covered by frequency independent
mechanism, like thermal noise or
shot noise.
Example: The noise for a conduct-

ing diode is bias dependent and is ex-

pressed in terms of AF and KF.

AF

(ff:n}m =2qlpcB+ lfu*‘]—T,£ B (9)

* The AF is generally in range of 1 to
3 (dimensionless quantity) and is a
bias dependent curve fitting term,

ically 2.

. KF value is ranging from 1E-12
to 1E-® and defines the ficker cor-
ner frequency.

Transit Time and Recombination
Moise

* When the transit time of the cami-
ers crossing the potential barrier is
comparable to L& periodic signal,
some carmiers diffuse back and this
causes noise. This is really seen in
the collector area of NPN transistor,

* The electron and hole movements
are responsible for this noise. The

hysies for this noise has not been
ully established.

Avalanche Nolse

* When a reverse bias is applied to
semiconductor junction, ‘t‘EE nor-
m small depletion region ex-
pands rapidly.

* The free holes and electrons then
collide with the atoms in depletion
region, thus ionizing them, and
produce a spiked current called the
avalanche current.

* The spectral density of avalanche
noise is mostly flat. At higher fre-
quencies, the junction capacitor
with lead inductance acts as a low-
pass filter.

* Zener diodes are used as voltage
reference sources and the ava-
lanche noise needs to be reduced

by big bypass capacitors.
Prediction of Phase Noise

* In designing an oscillator, one needs
to have a concept of how to do this

and can hopefully validate the same.
The basic equation (Rohde’s Modi-
fied Leeson Equation) needed to
calculate the phase noise is found
in The Design of Modern Micro-
wave Oscillators for Wireless Ap-
plications: Theory and Optimiza-
tion, LI314.15,16 1y js:

£(f, ) =10log:

f!i
1+ U :
[2me¢m{l - m}]2
[1+ f. ]FkT+ zkrﬂxg}

2F, r.f-.

rI‘-\'l
(10)

where £([_ ). [ 6. f. QL. Qp. FL T,
Pe. R, K, and m are the ratio of the
sideband power in a 1 Hz bandwidth
at f, to total power in dB, offset fre-

quency, flicker comer frequency.,
|ﬂ-’ldl.‘3 Q. unloaded Q. noise factor,

Boltzmann’s constant, temperature in
degree Kelvin, average output power,
equivalent noise resistance of tuning
diode, voltage gain and ratio of the
loaded and unloaded Q, respectively.
In the past this was done with

Leeson formula, which contains sev-
eral estimates, those being output
power, flicker comer frequency and
the operating (or loaded) Q. Now, one
can assume that the actual phase noise
is never better than the Iar%e signal
noise figure (F) given by the following
equation:!3.14

YEICEGE L
(C1Cs)C

4
[IHL[IH(C.%)CIJ ,

F=]1+

2r, ¥31C2Ce

[é+§]+r§] (11)
T

APPLYING CROS5-CORRELATION

The old systems have an FFT ana-
lyzer for close-in caleulations and are
slower in speed. Modern equipment
use the noise-correlation method.
The reason why the cross-correlation
method became popular is that most
oscillators have an output between
zero and 10 dBm and what is even
more important is that only one source
is required. The methed with a delay
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e o e
e

A Fig 7 Block diggram showing the noise-corvelation

line, in reality required a variable de-

* lay line to provide ounezt(phaa& noise

numbers as a function of offset (this
is shown in reference 1, pp. 148-153,
Fig. 7.25 and 7.26).

This technique combines two sin-
gle-channel reference  source/PLL
systems and performs cross-correla-
tion operations between the outputs of
each channel, as shown in Figure 7.7.5
The DUT noise through each channel
is coherent and is not affected by the
cross-correlation, whereas the inter-
nal noise generated by each channel
is incoherent and is diminished by the
cross-correlation operation at the rate
of M (M being the number of correla-
tions}. This can be expressed as:

Niness = Npur +(Np +Np )/ MY (12)

where N is the total measured
noise at the display; Npyp the DUT
noise; N, and N, the internal noise
from channels 1 and 2, respectively;
and M the number of correlations,
The two-channel cross-correlation
technique achieves superior measure-
ment sensitivity without requiring
exceptional performance of the hard-
ware components. However, the mea-
surement speed suffers when increas-
ing the number of correlations.3 The
built-in synthesizer limits the dynamic
range and that is the reason why at
lower frequencies crystal-oscillators
are used,

The assumption is that the internal
reference sources 1 and 2 are at least
equal in noise contribution as the DUT
and assuming a correlation of 20 dB
(limited by leakage and other large sig-

P

methd.,

nal phenomena) divider noise, those
references can be 20 dB worse. Both
Rohde & Schwarz and Agilent use a
mthesized approach. This limits the
amic range close-in to the carrier
and far-out to the carrier. When us-
ing the correlation to get 10 dB more
dynamic range, 100 correlations are
necessary or the measurement is one
hundred times slower. The R&S FSUP
is a combination of a spectrum analyzer
and the phase noise test setup while
the Agilent ES052B is a dedicated sys-
tem, t 4-6 times faster.

ADVANTAGES OF THE NOISE

CORRELATION TECHNIQUE!1-1#

1. Increased speed

2. Requires less input power

3. Single source set-u

4. Can be extended from low fre-
quencies like 1 MHz to 100 GHz
All of which depends upon the in-

ternal synthesizer.

DISADVANTAGES OF THE NOISE

CORRELATION TECHNIQUE

1. Different manufacturers have dif-
ferent isolation, so the available dy-
namic range is difficult to predict.

2. These systems have a “sweet-spot,”
both Rohde & Schwarz and Agilent
start with an attenuator, not to over-
load the two channels; 1 dB differ-
ence in the input level can result
in significantly different measured
numbers. These “sweet-spots” are
different for each system. The RF
atteniation that is needed to find
the “sweet-spot” reduces the over-
all dynamic range of the correlation
by this amount.
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A Fig. 8 4 MHz low noise erystal-oscillator (UL, Rohde, 1975) (a)
and simulated phase noise (b),

A Fig. 9 Rohde design later implemented by HP
3. The  harmonic

NEOUs  measure-
“';f]:t 50 a switch-
al ass fil-
ter {shu:hlpas the
R&S  Switchable
VHF-UHF Laow-
pass Filter
PTU-BN49130
or its equivalent)
should be used ®

4. For fi ies below 200 MHz,
systems such as AnaPico or Holz-
worth using two crystal oscillators
instead of a synthesizer must be
used (there is no synthesizer good
enough for this measurement). Ex-
ample: Synergy LNXO100 crystal
oscillator measures about -142
dBe/Hz (100 Hz offset), limited by
the synthesizer of the FSUP and
—147 dBc/Hz with the Holzworth
system. Agilent results are similar
to the R&S FSUF, just faster. '

5. At frequencies like 1 MHz off the
carrier, these systems gave differ-
ent ;gs:ﬂts Thjf&izs FSUPF, tak-
ing advan “sweet-spot,”
measurestfﬁem dBe, Agilent indi-
cates =175 dBe/Hz and Holzworth
measures =179 dBe/Hz,

We have not meadrchedthe'meet-
" for Agilent and Holzworth, but
ﬁiﬁwﬂ seen publications for both

Agilent and H rth showing -180

dBe/Hz far off the carrier. These were

selected crystal oscillators from either

Wenzel or Puﬂle o
Another m is physical

length uflhﬂpc tal oscillator connec-
tion cable to the measurement sys-
tem. If the length provides something
like “quarter-wave-resonance,” incor-
rect measurements are possible. The
list of disadvantages is quite long and
there is a certain ambiguity concern-
ing whether or not to trust these mea-
surements or if they are repeatable.

CRYSTAL OSCILLATORS
Here are some important examples
of crystal oscillators. The first one is
by Rohde (1975) and is shown is Fig-
ure 8a with simulated phase noise
shown in 8b.*% This represents the
hase-noise of the oscillator without
the buffer-amplifier shown in Figure

MICROWAVE JOURNAL ® APRIL 2013
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.‘Flg,la Drviscoll oscillatar (a) and simelated phase noise (b),

A Fig. 11 100 H's erystal oscillator with-
ot stage (a), simulated phase noise
() amad owtput porser (e,

8a. Most modern equipment uses the
crystal oscillator using Rohde’s design
technigue (see Figure 9). The actual
measured numbers are shown in Fig-
ure 6. Another important oscillator
is by Michael Driscoll. This circuit is
shown in Figure 10a and its simu-
lated phase noise in Fi 10b. The

is used as a filter to ground.
We have seen applications of this de-
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.‘.F@. 12 Bu_'ﬂ'rrnmpﬁﬁn’ﬂuchﬁugmm {a) and zimelated noise figare and F_, (§).

sl bor | AR

sign from 10 to 100 MHz. Sometimes
there is a stability problem with up-
per transistor of the cascode. Anather
important contribution is the intro-
duction of the stress-compensated or
doubly-rotated crystal, in short SC
mt.d'l:ls took over aﬂerblﬂée AT cut.
Its drawbacks are possible spurious
resonance and higher cost, but the ac-
tual phase-noise is 6 to 10 dB. So far
there is no clear explanation of why
this is the case, 111

The 100 MHz crystal oscillator
measurements are most demanding
and these oscillators are the back-
bone of many test and c:hmmunltl;;ﬁﬁ
equipment. Figure 11 shows a
simple 100 MHz crystal oscillator and
its simulated phase noise. Its output

r is shown in Figure 11c¢. This

WdﬂMr is missing ‘E“buifer stage.
Figure 12a shows the buffer ampli-
fier and Figure 12b shows its simulat-
ed noise figure and F, ;. An increase
in the noise figure, seen below 50
MHzg, is due to coupling capacitor. Fi-
nally, a 100 MH:EI}'slaFuscﬂlutorwith
a grounded base amplifier is shown
in Figure 13a with simulated phase
noise and power output plot in Figure
13b and Figure 13c. ively.

Figures 14 th 17 show
measured results from the 100 MHz
erystal oscillator performed on sys-
tems from Agilent, Rohde & Schwarz,
Holzworth and AnaPico, respective-
ly. Appendix I (see online at www.
mwijournal.com/synergyvappendix)
shmjnrs the phase ngise Mﬁm for
this oscillator. The calculated 100 Hz
offset phase noise is - 146 dBe/Hz and
the far out phase noise is - 183.3 dBe/
Hz (see Figure 18). These numbers
agree well with the R&S FSUP mea-
surements. The Agilent results are
close, but the system is not optimized
as the “sweet-spot™ has not been char-
acterized. This may be frequency and
power level dependent. The Hole-
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A Fig. 13 100 Mz erystal oscillator with
the grounded-base {a), simulated
naise figure (b) and power ouwtput plof (c).

A Fig. 14 100 Miiz crystal oscillator mea-
sured on Agilent ESO528 (Corr_4000),

A Fig. 15 1mum-ym{miumf mea-
sured on B8 FSUFR
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2 L L IaTevmgr s

A Fig. 16 100 MHz crystal oscillator mea-
sured on Holzworth phase noise engine.

worth equipment shows the best close-
in correct phase noise level, but we
have not found the proper correlation
figures. The AnaPico test equipment
seems to have a hump, but generally
agrees well with the calculations. The
Holzworth equipment performs the
measurement in approximately 3 to 4
minutes (5 correlations), and about 1
minute with no correlations and 3 dB
worse phase noise.

What does the law of physics tell
us? As pointed out, here is the caleu-
lation for the Synergy LNXO100, S5B
phase noise = P, (dBm) + 177 (dB)

=40 T 20 CORRS 180 sec
: 1% CORRELATION § sec
- Ty v
o e

A Fig. 17 100 MHz erystal oscillator mea-
serred on AnaPico.

- NF (large signal noise figure of the
buffer amplifier). In our case, we Et
14 + 177 - 7.7 =183.3. This means the
SSB phase noise far out is - 183.3 dBe/
Hz.

CONCLUSION
In this article, we have looked at
eal oscillator cirenits and some of
their design rules. Caleulations for
phase noise were reviewed. Various
systems were reviewed measuring a
100 MHz crystal oscillator. The phase

noise equations give the best possible
phase noise. If the equipment in use,
after many correlations, gives a better
number, it violates the laws of physics
as we understand them and if it gives a
worse number, then either the corre-
lation settings need to be corrected or
the dynamie range of the equipment is
insufficient. We realize that this treat-
ment is exhaustive, but we think that
it was necessary to explain how things
fall into place. At E[chgBm output, the
output amplifier certainly has a higher
noise figure, as it is driven with more

r and there is no improvement
possible. There is an optimum condi-
tion and some of the measurements
showing —190 dBe/Hz do not seem
to match the theoretical caleulations.
The correlation allows us to look be-
low KT, but the noise contribution
below KT is as useful as finding one
gold atom in your body’s blood. This
gold atom has no contribution to your
system. M
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