TUTORIAL PTTI MEASUREMENT TECHNOLOGY

CHAIRMAN: DR. FRED L. WALLS, NATIONAL
INSTITUTE FOR STANDARDS AND TECHNOLOGY

This workshop is divided into three parts. The first part teaches
the fundamentals and the basics of AM and PM noise
measurements. The second part uses this background in the basic
measurements to develop error models for PM and AM
measurements. These models are then illustrated by selected
practical examples. The emphasis is on identifying parameters to
monitor and pitfalls to avoid. A few examples of PM and/or AM
noise in selected components are presented. Fractional frequency
stability in the time domain is easily calculated from phase noise
measurements. This approach is particularly powerful for short
measurement times or when there are significant spurious signals.

The third part details some approaches to the measurement
problems that extend the frequency range and improve the
accuracy and/or speed of the measurements.



I. FUNDAMENTAL CONCEPTS AND DEFINITIONS
IN PM AND AM NOISE METROLOGY

Eva Pikal
NIST/University of Colorado

A. Fundamental concepts
B. Simple PM noise measurement systems
C. Simple AM noise measurement systems

I1. DISCUSSION OF ERROR MODELS FOR PM
| AND AM NOISE MEASUREMENTS

Fred L. Walls
NIST

A. Error model for PM noise measurements
B. Error model for AM noise measurements
C. PM and AM noise models

D. Conversion of PM data to oy(t) and modoy(t)

III. STATE-OF-THE-ART MEASUREMENT
TECHNIQUES FOR PM AND AM NOISE

Craig W. Nelson
SpectraDynamics

A. Ultra wideband measurements (f= 0.1 Hz to 1 GHz)

B. Integral AM and PM noise standards

C. Ultra low-noise PM and AM measurement systems
S(f) <-190 dBc/Hz)
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FUNDAMENTAL CONCEPTS AND DEFINITIONS
IN PM AND AM NOISE METROLOGY

Eva F. Pikal
NIST/University of Colorado

FUNDAMENTAL CONCEPTS

SIMPLE PM NOISE MEASUREMENT SYSTEMS

- TWO OSCILLATOR METHOD
- DELAY LINE

- CAVITY DISCRIMINATOR

SIMPLE AM NOISE MEASUREMENT SYSTEMS



1. WHAT IS SPECTRAL PURITY?

SPECTRAL PURITY IS THE RATIO OF SIGNAL-TO-NOISE
POWER

2. WHY DO WE CARE?

SPECTRAL PURITY SETS THE FUNDAMENTAL LIMIT.
FOR ALL FREQUENCY AND TIMING MEASUREMENTS

3. COMMON EXAMPLES

CHANNEL SPACING AND ERROR RATES FOR HIGH SPEED
COMMUNICATIONS

CLARITY OF VOICE AND TV SIGNALS

RANGE AND DEFINITION OF RADAR SIGNALS

PRECISION OF ELECTRONIC NAVIGATION

PRECISION AND ACCURACY OF ELECTRONIC MEASUREMENT
SYSTEMS

4. WHAT IS THE DIFFERENCE BETWEEN NOISE,
AMPLITUDE MODULATION (AM) NOISE,
PHASE MODULATION (PM) NOISE, AND
FREQUENCY MODULATION FM NOISE?
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WAVE THEORY REVIEW

perfect signal

V(t)=V, cos(2nv,t)
phase =1nv t

Fourier Transform:
V()
A
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PHASE AND AMPLITUDE FLUCTUATIONS
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PHASE/AMPLITUDE NOISE RELATIONSHIPS
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POWER SPECTRAL DENSITY OF A NOISY
SIGNAL
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I(f) = integrated phase modulation due to pedestal.
O( f) = carrier with frequency Zf,
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RMS PHASE DEVIATION

f+BW/[2

)y = |S,()df rad
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FREQUENCY MULTIPLICATION/DIVISION
EFFECTS ON PM NOISE

Frequency Multiplication
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FREQUENCY TRANSLATION

HPF
V1Y) "“ v2(t)

VR(t)

Sp(fouy) =8,(f,uy) + S(fvg) + Syr(f)
WHERE V, =VU; +vup
- §,(f,vg) =PM NOISE OF REFERENCE SIGNAL

Ss7(f) = PM NOISE ADDED BY THE TRANSLATOR

S;( f,v,) DEPENDS ON THE DETAILS OF THE TRANSLATION



BASIC CONFIGURATIONS OF NOISE
MEASUREMENTS

mixer LPF

v S
y VA(t

3(t) = VA () X V2(b) )

V2(t)

V(%) :[VI +&,(1)] CQS[Zvat+ 9,1
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Simple PM Measurements

Signal

{2

PM Detector

V =k, 00 ﬁWT

Ref

Freq %
Control @ _ :l_
A__ ‘

PSDVy ~measures ,m.%\v of the Signal plus the system noise.
[£,G(f)]

It is difficult to seperate the system noise from a signal with low PM noise. Results
ancorrected for PLL and gain variations with Fourier frequency.

Spectrum
Analyzer




PSD(V,)
KAG(f)

NOISE TERMS INCLUDED IN
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TO GET NOISE FLOOR SETA=B

Vo (f) syste
,m_ﬁA.\.vzoam Floor = AN ﬁ.\ﬂ&m\@ vm .m.&m A.\v + :NAA.\W mww d + .m_mm A.\,VQ\MM + %&A.\v.@ozmx splitter
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TO CALCULATE INDIVIDUAL PM NOISE FOR AN OSCILLATOR
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NOISE FLOOR IMPROVEMENT USING FREQUENCY

MULTIPLIERS
Signal
T e
" |PM Detector
S GO Spectrum
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DISCUSSION OF DIRECT PHASE COMPARISON

ADVANTAGES

HIGHEST RESOLUTION (LOWEST NOISE FLOOR)
NOISE FLOOR MEASURED WITH INFERIOR OSCILLATOR
VERY WIDE BAND PERFORMANCE

INEXPENSIVE

DISADVANTAGES

REQUIRES A REFERENCE OF COMPARABLE STABILITY

REQUIRES PHASE-LOCKED-LOOP (PLL) TO MAINTAIN
¢ < 0.1 rad

CALIBRATION DIFFICULT FOR f << PLL BW
SENSITIVE TO HARMONIC DISTORTION

FREQUENCY RESPONSE DEPENDS ON POWER & LOAD



MEASUREMENT OF S¢(f) USING A DELAY LINE

Measure
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NOISE FLOOR COMPARISON FOR TWO MEASUREMENT SYSTEMS:
DELAY LINE SYSTEM VS. TWO OSCILLATOR SYSTEM
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From: Infrared and Millimeter Waves, Vol. 11, pp. 239-289, 1984 (also in NIST Technical Note 1337).



DETERMINATION OF 7 4

LINE HARMONICS

DISCRIMINATOR NOT CALIBRATED
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From: Infrared and Millimeter Waves, Vol. 11, pp. 239-289, 1984 (also in NIST Technical Note 1337).



MEASUREMENT OF PHASE NOISE USING A HIGH-Q
CAVITY

High-Q
1\ Resonator
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DIRECT FREQUENCY COMPARISONS

ADVANTAGES:

DOES NOT REQUIRE SECOND SOURCE,

SYSTEM TRACKS FREQUENCY CHANGES
IN SOURCE

NO PLL EFFECTS

SIMPLE CALIBRATION V =Gk Av

DISADVANTAGES:

NOISE FLOOR SCALES AS 1/f2 NEAR CARRIER

NOISE FLOOR DIFFICULT TO MEASURE
DIFF. CAVITIES REQUIRED FOR EACH v
DIFF. CAVITIES/DELAY LINES FOR DIFF. f

DIFFICULT TO MEASURE BEYOND CAVITY BW
OR BEYOND DELAY LINE TIME

DIRECT PHASE COMPARISONS

LOWEST NOISE FLOOR

NOISE FLOOR MEASURED WITH INFERIOR
OSCILLATOR

VERY WIDE BAND PERFORMANCE

INEXPENSIVE

REFERENCE OF COMPARABLE STABILITY
REQUIRES PLL TO MANTAIN A¢$ <0.1 rad
CALIBRATION DIFFICULT FOR f << PLL BW
SENSITIVE TO HARMONIC DISTORTION

FREQUENCY RESPONSE DEPENDS ON
POWER & LOAD



S¢(f)

Comparison of Noise Floor
for Different Techniques
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REF

Measurement of m6: ) for Two Amplifiers

Device
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AM NOISE DEFINITION
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Determination of [ka(f)G(f)] for AM Measurement Systems

Measure dc level

Source under test
(mmmmmmmmmmmm ey wumwﬁqc3
| . m nalyzer
O >—
e . G(f)
AM Detector
AE Measure
AV h.\su AM REF level
Yo
Source with AM capability Ag
AM =—
W) =V, +AMcosQ t)cos wt Y
1 %AMY
AM at the input signal: 717100 AM at output: AM REF level

AM at Output _ (AM REF level)®

AM at Input YA &%QN
2\ 100
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II. DISCUSSION OF ERROR MODELS FOR PM
AND AM NOISE MEASUREMENTS

Fred L. Walls
Group Leader for Phase Noise
NIST
(303) 497 3207-Voice, (303) 497 6461-FAX,

walls@bldrdoc.gov-Internet

A Error model for PM noise measurements
B. Error model for AM noise measurements

C. PM and AM noise models

D. Conversion of PM data to oy(t) and modoy(T)

TIME AND FREQUENCY DIVISION, NIST PTTI 1994



Simple PM Measurements

Signal

s

PM Detector

4
V =k,60 ﬁwv
Ref
Ireq ﬁu
Control
_ _ Fil
/_

PSDV,,
[k, G(f)]

Spectrum
Analyzer

-measures MQA\V of the Signal plus the system noise.

It is difficult to seperate the system noise from a signal with low PM noise. Results
uncorrected for PLL and gain variations with Fourier frequency.
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8.

9.

ERROR MODEL FOR PM MEASUREMENTS

. DETERMINATION OF K

DETERMINATION OF AMPLIFIER G(f)

PLL EFFECTS (IF ANY)

CONTRIBUTION OF AM NOISE

HARMONIC DISTORTION

CONTRIBUTION OF SYSTEM NOISE FLOOR
CONTRIBUTION OF REFERENCE NOISE
STATISTICAL CONFIDENCE OF DATA

LINEARITY OF SPECTRUM ANALYZERS

10. ACCURACY OF PSD FUNCTION

TIME AND FREQUENCY DIVISION, NIST

PTTI 1994



1. DETERMINATION OF K

TRANSDUCER SENSITIVITY DEPENDS ON

A. Frequency
B. Signal power and impedance, reference power and impedance
C. Mixer termination at all three ports

D. Cable lengths

ACCURACY OF DETERMINATION DEPENDS ON DEGREE
ABOVE PARAMETERS HELD CONSTANT PLUS

A. Symmetry of waveform
B. Signal-to-noise-ratio

C. Phase deviation from 90°-depends on noise level, dc offset-may
depend on f

CALIBRATION CONDITION MUST REPLICATE THE
MEASUREMENT CONDITION AS CLOSELY AS POSSIBLE

TIME AND FREQUENCY DIVISION, NIST PTTI 1994



MIXER OUTPUT VOLTAGE VERSUS PHASE (TIME)

- | K. x VY __T(s)
| = Slope Amv 2 1t (radians)
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PHASE SENSITIVITY (V/rad)

MIXER SENSITIVITY Kd VERSUS IF LOAD
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MIXER A RETURN LOSS VERSUS RF POWER AT 100 MHZ AND

ALOOF I15dBm
MAM log MAG 5 dB/ REF O dB 1 —5.9608 dB
0
11 .44 dBm
1
\wi
—
\\1.\\\\\
)
Z
W
w2
Q
L
m
50
START 0O dBm CW 100.000 000 MH=z STOP 13.0 dBm
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RETURN LOSS (dB)

TiIME AND FREQUENCY DIVISION, NIST

50

MIXER B RETURN LOSS vERSUS RE POWER AT 100 MIZ AND

ALO OF 15dBm

Sq1 log MAG 5 dB/ REF 0 dB 1; —23.164 dB

11 /1 dBm
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PTTI 1994



2. DETERMINATION OF AMPLIFIER GAIN VERSUS
FOURIER OFFSET

G(f) DEPENDS ON

A. Intrinsic amplifier G(¥)
B. Mixer output impedance
C. Signal power, impedance, and cable length through B.

E. Reference power, impedance, and cable length through B.

ACCURACY OF DETERMINATION DEPENDS ON THE
DEGREE ABOVE PARAMETERS HELD CONSTANT PLUS

A. Linearity and slewing rate of amplifier

CALIBRATION CONDITION MUST REPLICATE THE
MEASUREMENT CONDITION AS CLOSELY AS POSSIBLE

TIME AND FREQUENCY DIVISION, NIST | PTTI 1994



PLL AND GAIN EFFECTS ON G(f) Kd

GAIN DATA
Model of Osc = REF1/NF/NF .
Sevial of Osc = 001/CABLE/CABLE , Carrier Freq = 42.7 Ghz
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3. PLL EFFECTS (IF ANY)

ATTENUATION OF THE LOW EREQUENCY PHASE
DEVIATION CAN BE REDUCED BY

A. Normal PLL loop. Results may be altered by additional filters in
electronic frequency control (EFC) path

B. Signals that propagate through the power sources of the two
oscillators

C. Signals that propagate through the air to pull the frequency of one or
both signals

E. Signals that propagate through the measurement system (mixer) to
pull the frequency

F. Injection lock feedback from the cavity discriminator or delay line

discriminator

PLL EFFECTS SHOULD BE MEASURED IN SITU SINCE
MANY EFFECTS IN THE EFC PATH ARE HIDDEN.

ERRORS IN PARAMETERS 1-3 ARE OFTEN CORRELATED

TIME AND FREOUENCY DIVISION. NIST PTTI 1994



PLL RELATIONS
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PLL EFFECTS ON G(f) Kd

FFT GAIN DATA
PLL ROLL OFF
CARRIER FREQUENCY 5 MHZ
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4. CONTRIBUTION OF AM NOISE

AM TO PM CONVERSION IS UNIVERSAL

A. Occurs via non-linear process
B. Typically -15 to -25 dB in double balanced mixers
C. Can reach - 3 dB in some amplifiers

D. Sets the noise floor in many measurements

TINAT ANTY TR ENTTENTCY DIVISTON NIST PTTI 1994



MEASUREMENTS OF S (f) @ MHz

SYNTHESIZER VS OSCILLATOR

PTTI 1994

f SO | ap S,Olap [S.Dla 6%A Measured Actual
(Hz) Noise Floor Noise
(db/Hz) (dB/Hz) (dB/Hz) dB rel Rad’/Hz | Floor
32 -119.8 -126.0 ~ -151.0 -154.0 -160.0
100 -124.2 -127.0 ~ -152.0 -154.0 -165.0
1 K -132.1 -132.0 ~ -157.0 -158.0 175.0
10 K -137.3 -133.0 ~ -158.0 -158.0 175.0
100 K -136.8 -133.0 ~ -158.0 -158.0 175.0
TIME AND FREQUENCY DIVISION, NIST




5. HARMONIC DISTORTION

A. Harmonics of signal and reference contribute to K and
detected noise

B. PM noise on harmonics may not be same as fundamental

C. Sensitivity depends on power, impedance, harmonic
number

TIME AND FREOUENCY DIVISION. NIST PTTI 1994



HARMONIC SENSITIVITY OF MIXER VS RF AND LO POWER IN dB

| [—m—1L0 13, RF10

2 |—m—-10 13, RF 7

0 . 3 |-m—L0 13, RF4
, Yy |—o@—10 10, RF 10

S |—a—L0 10, RF 7
6 |=—w=107, RF10 |
7 |—w—LO 7, RF7

—-w—- 107, RF 4
¢ |~w=-10 7, RF 1

N JdD

™4

HARMONIC NUMBER
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6. CONTRIBUTION OF SYSTEM NOISE FLOOR

PSD(V, v
[SE TERMS INCLUDED IN
MO KAG(f)

i f ) [AGAL)= B8O Tl P, Val f P
o(1 )= KABW K4 BW

Vol f )*s4 5 2,5, 2
+~@~QCQS§\+ il f)Ba” + Sa( 1 )PB

2
Syl f Jpair = Sea( f )+ Sgs(f )+ & Mumw\as 4 Saa( f)BA" San(f )P

TIME AND FREQUENCY DIVISION, NIST PTTI 1994



TO GET NOISE FLOOR SET A=B

Vo () system
K /BW

rm,& A\VZSR Floor = %&\A AN \Q&.&Q&\vm + + ,m.ni A\.V%\Hw + %&A\.vho:&w splitter

a

(27ft gelay)2Sp (D =752 Sy(D)  for =15 delay =7

TO CALCULATE INDIVIDUAL PM NOISE FOR AN OSCILLATOR

w\w

2
K 2BW +25,4()B4

Se(ap +54(ac — Ss(pc =285 f)+ 57

TIME AND FREQUENCY DIVISION, NIST PTTI 1994




L(f) vs Frequency of NIST PM/AM standard at 10.6 GHz
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PTTI 1994
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Phase Noise added by delay line at 10.6 GHz Carrier Frequency
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— Measured P
m 50 ]
Z M 711 i
Y/ e
@ Td = |1
@ ela ] .
3 v\ N \\\ .
Z A1 )
LA
= >
o v
&) r\\
w100
: il |
) rv‘.‘\ 1 .
[voe 7] b
) \\\ .
o
S | ji .
tﬁm L ol i
m \\\ P
m -150 = 7
< =l 14
o 2 2
’ . T \Y T
27fr S4(£)=(=)*S4(f) for f=— 1 ==
200 ] _:_:__ | ~:_:: ] (SRR ] _:_:: _______J_
1.00E-8 1.00E-7 1.00E-6 1.00ES 1.00E-4 1.00E3 1.00E-2 1,00E-1

Percent of Carrier Frequency

TIME AND FREQUENCY DIVISION, NIST
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7. CONTRIBUTION OF REFERENCE AM AND PM NOISE

PSD(V,)
KAG()?

NOISE TERMS INCLUDED IN

BW K BW K,/ BW

%&N\x — \b&mﬂ\y B&mﬂ\x\m Sﬂ\xw::.xm\ H\ \\ﬁxmmzﬁ

Valf )54 . ’
i Nﬂuwﬁﬁ\xwmg\ + Saa( | )P4 +Sap( J )PB

Syl F Jpair = Sat(f )+ Sg(f )+ 22 mwws w St £ IR+ Sun (£ )5

TIME AND FREQUENCY DIVISION, NIST , PTTI 1994



8. STATISTICAL CONFIDENCE OF THE DATA

Table 1. Approximate : 68% confidence Intervals for FFT Spectral
Estimates N > 10

power law window

noise type uniform Hanning flattened peak
£0 1.02//N 0.98//N 0.98//N
£-2 1.02//N 1.04//N 1.04//N
£-3 unusable 1.04//N 1.04//N
Frb unusable 1.04//N 1.04//N

TIME AND FREQUENCY DIVISION, NIST PTTI 1994



STATISTICAL UNCENTAINTY OF FFT
SPECTRAL DENSITY MEAUREMENTS

Sa() = SO [1 £ WNY]

k=1-+68%, k =1.9—95% CONFIDENCE

N

YR v

number of samples averaged

N = 10

Number k ~ 1 (approx. 68%) k - 1.9 (approx. 95%)
Saonfples S, = S[1x8], S, :g dB So = SU1#8), S, ZE dB
8 Y p b Y p
4 0.54 2, +3.3 2.5 -3, +6
6 0.42 -1.5, +2.3 1.4 -2.5, +5
10 0.32 -1.2, +1.7 0.61 2.1, +4
30 0.18 -0.72, + .86 0.35 -1.3, +1.8
100 0.1 -0.41, +0.46 0.19 -0.76, +0.92
200 0.058 -0.24, +0.25 0.14 -0.46, +0.51
1000 | 0.032 -0.13, +0.13 0.06 -0.26, +0.28
3000 0.018 -0.08, +0.08 0.035 -0.15, +0.15
10000 | 0.01 -0.04, +0.04 0.019 -0.08 +0.08

D. B. Percival and A.T. Walden,"Spectral Analysis for Physical Application,”
Cambridge Univ. Press, 1993.

B. N. Taylor and C. E. Kuyatt, NIST Technical Note TN1297, 1993.
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STATISTICAL UNCENTAINTY OF SWEPT
RF SPECTRAL DENSITY MEAUREMENTS

Sal = S() {1 £ k (VIDEOsw/NRESgy)"]

k=1-68%, k=19-95% CONFIDENCE

VIDEQgy = video bandwidth

N = number of sweeps averaged

RESgw = resolution bandwidth < f/10

N

> 10

k ~ 1 (approx. 68%) k ~ 1.9 (approx. 95%)
IRES gy S - S[+s}, S Y aB S - Ss], S Y dB
VIDEO,, " "p " "B
5 Y p & Y p
4 0.54 2, +3.3 2.5 3, 46
6 0.42 -1.5, +2.3 1.4 2.5, +5
10 0.32 -1.2, +1.7 0.61 2.1,  +4
30 0.18 0.72, + .86 035  -1.3, +1.8
100 |o0.1 0.41, +0.46 0.19  -0.76, +0.92
200 | 0.058 0.24, +0.25 0.14 046, = +0.51
1000 | 0.032 0.13, +0.13 0.06  -0.26, +0.28
3000 | 0.018 .08, +0.08 0.035  -0.15, +0.15
10000 | 0.01 0.04, +0.04 0.019  -0.08, +0.08

D. B. Percival and A.T. Walden, “Spectral Analysis for Physical Application, "

Cambridge Univ. Press, 1993.

B. N. Taylor and C. E. Kuyatt, NIST Technical Note TN1297, 1993.
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9. LINEARITY OF SPECTRUM ANALYZER

A. Accuracy of wide dynamic range
B. Digitizing errors

C. Need to segment spectrum with filters

YR LYY N TYTS TP T NT TN TN YNTUITCOYTANYNT ORNTTOTT DTTYT 1004



DYNAMIC RANGE AND DIGITIZING ERRORS
RMS: 1000

-52
dB (V)

12
dB
/01IV

- e e wm m wn -
- e e e e e e e = e ar e = =

- e e e e e e g = = -

| . g
START: 250 H=z BW: 375 Hz - STOP: 100 000 H:

-148

TIME AND FREQUENCY DIVISION, NIST PTTI 1994



10. ACCURACY OF THE PSD FUNCTION

DEPENDS ON

A. Signal type
Use flat top window for bright lines

Use Hanning window for noise

B. Window function and Fourier frequency (leakage)
f should be less than span/23 for Flat top window

f should be less than span/75 for Flat top window

TTAAT ANT EDEATTERTTV NIVICION NITQT PTTT 1904



PSD OF {° NOISE

RMS: 1000

-85 ) | . . _
dB V- . “ . . “
................... I T T
UNIFORM | | !
HANNING ! _
| [
.................... O G AT
1 . )
. .Eﬁgg ”
.............. PO
dB : | .
/DIV . ' Molse * Pe
...................... _é
| . '
\ ! 1
...................... R T T T T R
IHDw . [ . t
START: 250 Hz BwW: 954. 85 Hz STOP: 100 000 H=

TIME AND FREQUENCY DIVISION, NIST PTTI 1994



PSD OF £* NOISE
RMS: 1000

-52
dB (V)

12
dB
/01V

-148 |
START: 250 H=z BW:

375 Hz - STOP: 100 000 H=z

TIME AND FREQUENCY DIVISION, NIST PTTI 1994



APPROXIMATE BIASES IN FET SPECTRAL DENSITY ESTIMATORS

Noise Type f°

Noise Type f*

Channel #

Flat Top

Hanning

Uniform

Flat Top

Hanning

Uniform

1

20.1 dB

19.6 dB

19.6 dB

10.0 dB

8.6 dB

16.7

Small

Small

9.1

0.4

Not
Useable

7.22

'

y

4.0

0.4

Small

1.2

Small

¥

1.1

\

1.1

1.0

0.8

NoT IS IO B o N LU T B =N GRS B S

0.6

ot
o

0.6

e
p—

0.5

ek
1\

0.4

p—
w

0.4

[y
N

Small

[y
n

¥

TIME AND FREQUENCY DIVISION, NIST

PTTI 1994




Simple AM Measurement

Signal  Detector

Spectrum
Analyzer

PSDVy -measures S, A\v of the Signal plus the system noise.
[k, G(S)]

the system noise from a signal with low AM noise.

It is difficult to seperate

TIME AND FREQUENCY DIVISION, NIST
PTTI 1994



ERROR MODEL FOR AM MEASUREMENTS

DETERMINATION OF K

[

2. DETERMINATION OF AMPLIFIER G(f)

3. CONTRIBUTION OF SYSTEM NOISE FLOOR
4. STATISTICAL CONFIDENCE OF DATA

5. LINEARITY OF SPECTRUM ANALYZERS

6. ACCURACY OF PSD FUNCTION

TINAE ANTD FRENTTENCTY MTVICIANT NIQT PTTT 1004



1. DETERMINATION OF Ka

DETECTOR SENSITIVITY DEPENDS ON

A. Carrier frequency

B. Signal power and impedance

C. Detector termination both ports

D. Cable lengths

E. Fourier frequency

Sensitivity to Fourier frequency is often difficult to measure due to

bandwidth of most AM modulators

CALIBRATION CONDITION MUST REPLICATE THE
MEASUREMENT CONDITION AS CLOSELY AS POSSIBLE

. HTTT 1004



2. DETERMINATION OF AMPLIFIER G(f)

Depends on

A. Detector output impedance
B. Signal power, impedance, and cable length through A

C. Fourier frequency

CALIBRATION CONDITION MUST REPLICATE THE
MEASUREMENT CONDITION AS CLOSELY AS POSSIBLE

. e el e e m e i e el e v e v~ v~ e R laniaah SR BVe W W)
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3. CONTRIBUTION OF AM SYSTEM NOISE FLOOR

A. Noise floor difficult to measure in single channel systems

B. Cross-correlation can be used to determine noise floor (part III)

CALIBRATION CONDITION MUST REPLICATE THE
MEASUREMENT CONDITION AS CLOSELY AS POSSIBLE

ATV TNV AY TN TN TNTUIYCNTANNT N TY e MG AR

AN A



NOISE MODEL OF AMPLIFIERS

AM and PM similar 1/f+ thermal

NOISE MODEL OF OSCILLATORS
PM complicated-see examples
PM typically includes 1/f3 + thermal
AM depends on circuit and degree of limiting

AM sometimes 1/f + attenuated thermal

NOISE MODEL OF PM MEASUREMENT SYSTEMS
1/f + thermal for two oscillator type

1/f3 + thermal for single oscillator type

NOISE MODELS OF AM DETECTORS

1/f + thermal

T AN ERENTTENCY DIVICION NIST PTTT 1994



MODEL FOR PM IN AMPLIFIERS
PH A

&«\\n?ﬁl»wﬁ@ .vM@ )
A\w,\ﬂt

LEESON'S MODEL FOR PM IN OSCILLATORS

2 2
sc0)=(24) F1 ¥+ 25 [+ 25 [+(33: v
Amplifier | Resonator
BW = 1p/2QL f<BW >BW f<BW




1/2 Sa(f) and 1/2 S¢(f}) (dBc/Hz)

5 MHz AM and PM Noise

AM Noise

Fourier Frequency (kHz)

120 _!I|I|||_.||I|II|1|IIIII| .
®
130 12.65 487 ® PMNolss N
| o= 107" 01479 new’
f 37—+ + ——— Model AM
140 [ f |
/ —— Model PM
_J
-180
-160
13.65 ,-14.87 .
az0 419 . S0 110179
S S
-180 _
0.001 0.01 0.1 1 10 100



1/2 Sa(f) and 1/2 Sé(f) (dBc/Hz)

5 MHz AM and Phase Noise

-9%
. AM Noise
doa..Ti./ . _ "  PM Noise |
- AM Model
// (0125 (o139 23 -y
+ + p. + PM Model

-118
N\, & 7
125 4— /
<135
SLN.AiO.E.H/TI.ITFL! —ty}

-145 +— ———
J

gt
-185 ﬁ h — L 4

0.0001 0.001 0.01 0.1 1. 10 100
Fourier Frequency (kHz




1/2 Sa(f) and 1/2 Sé(f) (dBc/Hz)

100 MHz AM AND PHASE NOISE

Fourler Frequency (kHz)

70 +— _
ﬂ//./ *  PM NOISE H
90 _ »  AM NOISE [
N | 1077 1073 a7s |
{7 7z ———— PM Model
-110 .
/v/ ——— AM Model
130 = Y ,
V/-.. /
[ ]
/ - /
107137 157185 |
470 +—ro f
190
0.001 0.01 0.1 1 10 100




1/2 S(f) [dBc/Hz]

.PM AND AM NOISE IN DRO 247

40.00 : - T _ | : Jq,
10.00 .//r
B ——— PM NOISE
L | : Il
-20.00 '..../ — —  PM Modl
fxl 4 i H{ | = AM NOISE rJf
-60.00 ~+— SESi|
/] — —  AM Model
SN 1] 1l
/ _ JTIL; L
- = Py - -1 11
J ] Rt
ltfj 4.1 i - I _ * - ‘”ij i L
-140.00 = ﬁ % g il I~ . //.]
T ﬁlﬁ 1] T~ . A./]II
1= r ;&Lr/, TTHN B ey
-170.00 - T~ =TT
i
-200.00 +— - ,
1E+ 00 1E+ 01 1E+ 02 1E+ 03 1E+ 04 1E+ 0B 1E+ 08 1E+ 07 1E+ 08

FREQUENCY (Hz)



AM AND PM NOISE IN AMPLIFIER #1

10 G H7#
~ 100 B T L
u/nw 110 PM Noise
(48] _
B 20 ~H || —— AM Noise |
“—
s Model ||
5] .
Q -140 — O T 0 0 1 1 X A . 4 -
= ]J.
T .150 I 00 R T L 1 I 1 1 Y A A e A R » ,
n V .- v— i
© \:svme\ = -A—I_c.u.Tu 11O I-6
m -160 N T R Y O S -il\, Y R r L ﬁul. i
- ¢ N III._“
2 170 R RAR e | Pl .nv bm;;] 7.».nv .._...x.mﬁl B T O Y o Irdxmll.ll
™ N
o |
-—
-180

10E+00 1.0E+01 1.0E402 1.0E+03 1.0E+04 1.0E+05 1.0E+06  1.0E+07
FOURIER FREQUENCY (Hz)

Lo m_doomo g 1, 2KTFG(S)
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AM AND PM NOISE IN AMPLIFIER #2

W
-110 + e A
- | M — AM Noise
= 120 +
.
n — PM Noise
N — -130 +
- = —— Model
2 G 140 T
£ 8 B
.
= ~ 150 + - } S S
% f
-160 +- AT el
N | N
-
170 +---1- ot L ol 010 1 R O U A I8 0 I X A N1
-180

1.0E+0 1.0E+ 1 1.0E+2 1.0E+3 1.0E+4 \abm+m dbm+m 1.0E+7
FOURIER FREQUENCY (Hz)
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NOISE FLOOR OF WIDE-BAND NIST PM MEASUREMENT SYSTEM AT 42 GHz
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S¢(f)

Comparison of Noise Floor
for Different Techniques

IIHHIII 1 Nﬂﬂl] IIIHm] ]IHHH] 1 mmq Illiml]

1.ms optical delay

Conl o

——h
-
|
o
IR AR RRRL P TTEIN

Cood oot Yot et g oogl

TTHIN TT [REALLL

10-20 Livod v vl 1o ol 4ol Ceod
o 1' 1% 1% 10* 1w0° 10°

Fourier Frequency (Hz)




PHASE NOISE RELATIONSHIPS

S = Lv, =) + Lv,+f)

dBC/Hz = 10 log <(f)

2
VO
Se0) = JZSy(f) radyHz 0<f<e

= 1 4
ci(r) = Zfo df Syv)%a

V2

2 ffk 5. sin®(mfnt,) p

Mod o (nt,) = 0 7" Psin¥(nfr)

nz(vrm'o)2

TIME AND FREQUENCY DIVISION, NIST PTTI 199+



CONVERSION OF S,(f) TO o,(t) FOR

.1;,
meSnE!ixaL;a 100 MHz

f

P-MI@NWI{/}%. T 1 -—ﬂ—-— T L] T3 —u——_ T T T T TiT3 H T LA RES T T 1T 10177 L 1 T ——_—“
w 2 J/ffv/ E
I :
A L —F
C g E
F = B
R E .
E £ T E
Q - i
T - f, = 100 Hz, oo bbby ; ;!?@dl
A E L b E
B - vv v;y..v. )
L C vm
I -— . M.x@.o;m,au
N fi=1Hz oc° ]
¥ E— ‘ \ﬁ.b : —3

: ¢ :
H.WIH-NI 1 11 __——__ | L1 _—_:_ ! ! 1 ~—_:~ 1 1 ___—_—_ 1 1 _~__:— 1 1 __ﬁ__._l

1.E-086 MEASUREMENT TIME (S) 1.E+00

TIME AND FREQUENCY DIVISION, NIST PTTI 1994
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STATE-OF-THE-ART
MEASUREMENT TECHNIQUES FOR
PM AND AM NOISE

Craig Nelson

SpectraDynamics Inc
(303) 497-3069

email: nelson@boulder.nist.gov

PTTI 1994



€

State-of-the-art measuremen
techniques for PM and AM not

STy

IR | B
Ualinaratl % 1 s
SRS R [t DRsaap P4 [P

m Ultra wideband measurements
(Fourier frequencies 0.1Hz to 1 GHz)

m Integral PM and AM noise standards

m Ultra low-noise PM and AM measurement
systems (S(f) < -190 dBc¢/Hz)

PTTI 1994



NIST PM/AM noise

measurement system

A Separates PM from AM noise

m Measures carrier frequencies from 5 MHz to
75 GHz

B Cxtends Fourier analysis to 1GHz

m Measurement accuracy: 0.3 - 3 dB

m Calibrates most PM/AM measurement €rror
models

PTTI 1994
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NIST wideband measurement
system

L Moaitor

Refl \ onitor

DC-100 KHz
SA

¥

0.1-30 MHz
SA

l%'

PTTI 1994




PTTI 1994

Determination of Kd

. vy __T6)
kg m_onmmm miﬁm%m:mv

o / Time —>»

>

Radians C

@ Determines Gain at single frequency
@ Does not calibrate pll effects

Voltage
| © +
R f:g REEERER
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