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Outline

* Definition of jitter

« Jitter metrics

« Jitter decomposition
* Bit error rate
 Bathtub curve
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Definition of jitter

« SONET specification: “the short-term variations of a
digital signal’s significant instants from their ideal
positions in time”

— Jitter: timing variations that occur rapidly
— Wander: those that occur slowly
— ITU defines the threshold of 10 Hz

— The exact moments when the transitional signal crosses a chosen
amplitude threshold (reference or decision level), e.g. zero-
crossing times.
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Phase Jitter and Frequency Drift

7z

frequency

=1/period f
Phase error = Integrate {2n* (freq-f,)} time
wander Jitter = (T/2m)* Phase error 10Hz LPFed
+ jitter B / T
________________________ Phase error movement is like a Brownian motion
time
jitter
: 10Hz HPF’ed
time
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* Clock Jitter: Period jitter, cycle-to-cycle jitter,

Jitter metrics

and time interval error (TIE, absolute jitter, jitter)

Ideal Edge Measured
/ Positions \ Wavef;y
 TIEA o1 | TIE2 | TIES  TIE4
¥ - 2] P3 |
C2=P2-P1 C3=P3-P2
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Period jitter

* Triggered on the first edge, observe the second
edge
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Cycle-to-cycle jitter

« How much the clock period changes between
any two adjacent cycles

 Can be found by applying a first-order difference
operation to the period jitter

 Shows the instantaneous dynamics
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Time interval error (TIE)

« How far each active edge varies from its ideal
position
 The ideal edges must be known

 Shows the cumulative effect that even a small
amount of period jitter can have over time

* Also called as edge-to-edge jitter, time interval
Jitter, absolute jitter, phase jitter, or jitter
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An example noisy clock

A nominal period of 1 us, but the actual periods
are eight 990 ns followed by eight 1010 ns.

RS R AN A

L .?ﬁgl.:l.rnﬁ?c-i.-dl

B = = = o =

Period Jitter

1 20 nsec A
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Jitter histogram

 TIE measurement with the total population of
100,000

vy Histogram OFf Clock TIET[Ch1)

Time () 2.0000n/div
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Eye diagram

 Many short
segments of a
waveform are
superimposed

« The nominal edge
locations and
voltage levels are
aligned
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Jitter separation

« Jitter on NRZ data stream
 An analysis technique to predict and reduce
timing jitter

TYPICAL PDF'S

BOUNDED

Total Jitter
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Random jitter

« Gaussian distribution

+ peak-to-peak value Px = >——=¢€xp 202
unbounded i

. conidence 1-conl. +i- Sigma
Gaussanor 99,00000000% | 1.0E-02 2.733
distribution | 99 00000000% 1.0E-03 3419
f(X) i 99 99000000% 1.0E-04 4 003
I | : | 99.99900000% 1.0E-05 4517
I : : 99.99990000% 1.0E-06 4083
I | : 93 99999000% 1.0E-07 5411
0214 S 0214 99.99999900% 1.0E-08 5810
00135 11359 |.3413 | .3413 | .1359 00135 99.99999990% 1.0E-09 6.184
-SLG -21-:5 -::r Iﬁ! clr ELcr 3]-:5 99 9099800 9% 1.0E-10 6238

X
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Periodic jitter

 Repeats in acyclic fashion

« Caused by external deterministic noise sources
coupled into a system

— switching power-supply noise or a strong local RF
carrier

— Spread-spectrum
modulated

o )
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Data—degendent '|itter

« Correlated with the bit sequence in a data stream

« Often caused by the frequency response of a
cable or device

* Also called inter-symbol interference (1Sl)
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Data-dependent jitter

« Two waveforms 1 0 1 0 1 17110
with 10101110 '
and 10101010
sequences are
superimposed
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Duty-cycle jitter

* Predicted based on whether the associated edge
IS rising or falling
* Two common causes

— The slew rate for the rising edges differs from that of
the falling edges

— The decision threshold for a waveform is higher or
lower than it should be: Due to DC offset
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Duty-cycle jitter

 Unbalanced rise
and fall times

* Decision
threshold higher

than the 50%

amplitude point
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Composite jitter

 For two or more independent random processes, the
distribution that results from the sum of their effects is
equal to the convolution of the individual distributions.

3000 —

2000 ¢ 1
1000 1
ol N e ~

0.2 0 0.2

-0. : 100F ' ]
DCD Jitter Distribution 50} y
( A 0 st . .
.l _ { -0.2 0 =
50 | _ Composite Jitter Distribution
0 E

-0.2 0 0.2
. v

Random Jitter Distribution

© 2020 DK Jeong Topics in IC Design 19



Bit error rate (BER)

 The Gaussian probability distribution has

unbounded peak-to-peak value. é\
« Use of rms jitter to estimate the - x

peak-to-peak jitter with the confidence | == @
10° 6.180
Ievel (BER) 107 7.438
Jitterp_p = < * Jittergys i I
N 107 10.399
_ . \ 10° 11.224
 Q-function (x) T
< q ) : 10" 12.723
Qz) = / . e~ Tdy . \\\ T 13.412
. V21 ] T 14.069
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Two cases of Gaussian Tail

* Bit error occurs when the zero crossing occurs
beyond the sampling point.

Error on the right tail only

Gaussian or . For BER:]_O']-O’
’ 6.361 ¢

11359 | .3413 | .3413 | 1359
7 " 0 s 2o
X

O uniT INkERVALS
e [ Error on the both tails
fg(x) i Gaussian or For BER:].O_:LO’
: t’ rmal
| stribut 6.538 ¢
: () ,
0214 ! . ! 0214 ,
0013571359 1 3413 | 3413 1.1359] 00135
T | B T
.00135
—

-S‘lo —210 = 0 s 2l0 313
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Bit error rate (BER)

 For any signal containing Gaussian jitter, the eye diagram
closes completely after along enough time.

* In the following eye diagram, the eye is 50% open for
1000 traces. (1 error out of 1000, BER = 103

« Or 10 errors out of 10,000, same BER)

UNIT INTERVALS
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Bathtub curve

* Indicates the movement of farthest edges

 Characterizes the eye opening versus the BER.

« For a bit error rate (BER) of 103 (1 in 1000) the
eye is 50% open.

* If one out of 100,000 waveforms crosses, the eye
Is 25% open with BER of 10>,

A curve connecting the ends of
the rulers looks like a bathtub.

[ ]
BIT ERROR RATE

2 UNIT INTERVALS L
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Other iIssues

 What is N-period jitter?
— Variation of Nt edge.

— Triggering on the rising edge and see the N-the edge
(Intermediate edges ighored)

— period jitter = 1-period jitter

© 2020 DK Jeong Topics in IC Design

24



References

* [1.1] Tektronix, “Understanding and characterizing timing
jitter”

« [1.2] MAXIM, “CLK jitter and phase noise conversion”

« [1.3] Tektronix - Introduction to Jitter

© 2020 DK Jeong Topics in IC Design 25



Topics In IC

1.2 Fourier Transform and Power
Spectral Density

Deog-Kyoon Jeong
dkjeong@snu.ac.kr
School of Electrical and Computer Engineering
Seoul National University
2020 Fall



Outline

* Fourier Transform of sinusoidal wave
« Power spectral density of sinusoidal wave

« Fourier Transform of sinusoidal wave with narrowband
phase modulation

 Power spectral density of sinusoidal wave with
narrowband phase modulation

« Examples: Sinusoidal jitter and white jitter
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Why?

 Phase is not directly measurable. Only voltage or current
wave can be measured.

* Fourier transform (FFT) is available only for deterministic
signals

 For random signals, power spectral density can be
measured through spectrum analyzer.
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Power Spectral Density (PSD)

« How Is the power of a signal or time series
distributed with frequency?

 For convenience with abstract signals, power is
the squared value of the signal.

 Wiener-Khinchin theorem —the PSD of a wide-
sense stationary random process is the Fourier
transform of the corresponding autocorrelation
function.
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Fourier Transform

 For a pure sine wave

X(f) = [ —27ift 4
y(t) = A, sin(2z Tt + @,) (1) _LX(t)e t

Y(f):%Abei¢o5(f _ fo)_%Aoe_i%5(f N fo)

MUl
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Power Spectral Density

 For a pure sine wave
 First, calculate autocorrelation function

R(z) =y y(t+7)= % Af cos(2x f,7)

S ()= AT =1 |+3 A2 f+1 )
Area=A,%/4

Sy(f)

N A
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Fourier Transform

* For sine wave with narrowband phase
modulation, cose(t) =1, sine(t) = @(t)

y(t) = Aysin(2zf,-(t+ j(t)) + ) =27 0/T= 275 ()
= A, sin(2z f,t + @, + (1))
=~ A, sin(2x f,t + @) + Ajp(t) cos(2x f t + @)

 Modulating phase appears as modulating
amplitude.

Y(f):%Aoei‘”O&(f — fo)—%AOe‘%é(f + fy)

+%Aoei"’°®(f — fo)+%Aoe‘i¢°CD(f + fy)
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Fourier Transform

« Sine wave with narrowband phase modulation

Y(f):%pbei%a(f - fo)—%pbe—‘%a(f + fy)

+%A0ei‘”°®(f - fo)+%AOe“<”°ch(f P f,)

Area=A,/2
YD
/) N/ A o 2N /N
-fo 0 f,
Scaled O(f)
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Power Spectral Density

« Sine wave with narrowband phase modulation,
assuming o(t) is uncorrelated

Ry(f)=Y(t)Y(t+T)

= — AO cos(2x f,7) +—= AO p(t)p(t +7)cos(2x f,7)

:EA(f cos(2r f,7) (1+ R (7))
sy(f)=%ﬁé5(f - fo)+%p\>25(f + o)
+%A§S¢(f - fo)+%Asz¢(f +o)
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Power Spectral Density

* S, (f) are scaled and translated.

S,(1) =7 AS(F = £,)+ L AS(F+1,)

Area=A,%/4
S,(f)
/T /N
£, Q fo
Scaled S(f)
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Ex 1: Sinusoidal Phase Modulation

 Narrowband phase modulation

o) = Asin@r fit+9). A <<1]

y(t) = A, sin(2z Tt + ¢, + o(t))
=~ A, sin(2z ft + @,) + Ayp(t) cos(2x Tt +¢,)
= Ay sin(2z ft +¢,)
+A,A sin(2z ft+¢@,)cos(2x f,t +¢,)

Y(f):%AOe‘%&(f - fo)—%Aoe‘%é(f 1)

+% AACH S (F - £, fl)+%AOA&e“¢°“¢l5(f Ff 4 1)

+% A Ae S (f + fy — f1)+%AbA1ei%”¢’15(f — fo+ 1))

© 2020 DK Jeong Topics in IC Design 11



Ex 1: Sinusoidal Phase Modulation

* Fourier Analysis

Y(f)z%ADei%é(f — fo)—%AOe“%é(f + fy)
+% AbA&ei(p°+i(pl5(f — fo— f1)+%pb’b&e_i%_i¢l5(f + fo + fl)

+% A Ae " s (f + f, — f1)+%AoAiei‘p°”¢15(f — fo+ f,)

Area=A,/2
MUl
Area=AyA,/4
-f, 0 fo-fy fo fotfy  f
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Auto-Correlation Function
R, (7) = y(t)y(t +7)

- = AO cos(2z f,z)+= AO p(t)p(t+7)cos(2x f,7)

== Ao cos(2x f,7) (1+ A’ cos(2x flr)j

© 2020 DK Jeong Topics in IC Design
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Ex 1: Sinusoidal Phase Modulation
 Power Spectral Density
Sy(f):%AOzé(f—fo)+%A025(f+fo)
1 2,2 _f i 2 A2 .
Fie AAS(T =T 1)+ L AAS(T =y 1)

1 1
FCRRS(E 4 by ) AAS(T )

Area=A,%/4
Sy(f)

Area=A,%A,%/16

[Ni (Rl

To 0 fofy fo fotfy  f
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Example 2. Amplitude Noise

 What if the white Gaussian amplitude noise (not
timing jitter) is added on top of the pure sine wave?

Noise floor will not move as we increase
the amplitude of the sine wave.

y(t) — Ab Sirl(272' 1:Ot + ¢O) + nv (t) Area=A,%/4

S,

N A

R, (7) = % A: cos(2z f,r)+b
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Example 3

 What if both amplitude and phase noise is added?

A(t)elo®
— 7 n(t)=n.cos(wyt)+nsin(myt)

Aoekpo

© 2020 DK Jeong Topics in IC Design
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Jitter in Rectangular Wave

 What if the wave Is rectangular?

Ao

-AO -

y(t)="2 sin(zyzfot)+%sin(3.27zfot)+%sin(5.27zfot)+...

AN
'5f0 '3f0

© 2020 DK Jeong

Sy (f) Are a=4A02/ 2

A Area=4A,%/91r2
Area=4A,2/251?
AN
| 1
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Jitter in Rectangular Wave

« With jitter

Ao

P T I T

y(t)="2 A,
/4

SHES

© 2020 DK Jeong

_AO

(sin(27t,-(t+ §(D)) + Zsin(3-27 - (1 + i)+

\.O

.

\.O

ls,in(5-27zf0.(t+ (1)) +...
sin (27 fot +go(t))+%sin(3-27z fot +3- () +

1sin(5o27z fot + @ (t))+...

Topics in IC Design
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Jitter in Rectangular Wave
. With jitter,

(sin (27 fot+ (1)) + %sin (3-27 ot +3- (1)) +)

y(t) =2 A,
4

1 .
\gS|n(5°27Z' fot+5-go(t))+...

Area=4A,2/91r?
Area=4A,2/251?

g

3f, 5, f
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Jitter at Divider

« How does PSD change if the frequency of the
wave iIs divided by 27

o A

Ag

| R | s

_AO

* J(t) remains the same.
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Jitter at Divider

« How does PSD change if the frequency of the
wave iIs divided by 27

y(t) = Aysin(27 f, - (t+ j(t))+ )
= A, sin(27z ft + @, + @(t))

()
Yo (t) = Aysin| 27 —
L L2
()
= A,sin| 2z| =2
L L2

.(t+j<t>)+%j

1
t"‘@o"'g'(p(t)J

Phase noise amplitude is decreased by 2 and
phase noise power is decreased by 4.
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Jitter with Frequency Divider

« How does PSD change if the frequency of the
wave Is divided by 27

Its phase noise is decreased by 6dB with the
same shape in phase noise PSD.

Scaled S(f)

Sy(f) X S,(f)

.

f, (1/2)f, 0 (1/2)f, f, f

© 2020 DK Jeong Topics in IC Design
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Jitter with Frequency Multiplier

« How does PSD change if the frequency of the
wave is multiplied by N by an ideal frequency
multiplier?

Its phase noise is increased by
20-log,,N [dB] with the same
shape in phase noise PSD.

© 2020 DK Jeong Topics in IC Design
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Outline

« Definition of phase noise
 Measuring phase noise
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Definition of Phase Noise

 Frequency domain representation of rapid,
short-term (> 10Hz), random fluctuations In
the phase of a periodic wave

« Cannot be directly measured
* Instead, use power spectral density (PSD)

Topics in IC Design
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PSD and Phase Noise

* Sy(f): symmetric in double sideband

y(t) = Aosin(27rf0t+(p(t)),5y(f):%A\fE(f _ fo)+%A§5(f . f0)+%A§S¢(f _ fo)+%A§S¢(f 1)

4 ) 4 N
Spseo(f) A 1 S,(f) A4
- | A4S (FH) A4 -Sq,(f-/foi\
/T\ NE r"\
\ f, |0 f; f ) PM \ -fo 0 fo-fs fo fotfy f j
f ‘ DSB — SSB
4 L(Af) [dBC] A /Sy,SSB(Af) A /SV’SSB(f) A2 A

Normalize
10-log S ,(Af) S,(Af) r— A2-S,(f-fy)
/\ 1011 _ X-axis:
°g() /\ /\ Offset 0
\0 f log Af / \ -, 10 f, Af/ Freq. \

J

Phase Noise Power between fand f + 1 Hz = S _gsp(f)= S,psp(f) + S,psp(-f) = 2x1044D
© 2020 DK Jeong Topics in IC Design 4



PSD and Phase Noise

 Sinusoidal Phase Noise:

e Carrier:

o(t) = Asin(rft+g,), A <<1

y(t) = A, sin(27 Tt + @, + @(1))

SDSB(p(f)

A,2/4

\

f

J

t PN: A,%/4 x2 = A?/2

4 L(Af)

10-log(A,%/4)

\0 f log Af j

10-log(.)

© 2020 DK Jeong

/

\

\_

A4 Sy(0) Ag2l4

. A,2A216 :
-
NB i i )
PM £, 0 fofy £, fothy f

J

(s

y,SSB (Af)

A2l4

T

\

Normalize

A5l <4

X-axis:

\_

_fl

0 f,

Offset

Af/ Freq.
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Single Sideband (SSB) Phase Noise
Power Spectral Density

« Characterizes an oscillator’s short term
Instabilities in the frequency domain.

P.; w,+ Aw,1Hz
ﬁ(ﬂﬂ)) _ 10109 sxdeband( 0 )

P carrier

— Pgigebana(wo + Aw,1HZ) = the single sideband
power at a frequency offset of Aw from the carrier
In a measurement bandwidth of 1 Hz.

— P_..rier = tOtal power under the power spectrum.
— Aw=frequency offset from the carrier.

Topics in IC Design
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Single Sideband (SSB) Phase Noise
Power Spectral Density

 Advantage — ease of measurement

 Disadvantage — shows the sum of both
amplitude and phase variations

>

Frequency Spectral Density

1Hz

Topics in IC Design
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Measurement of Phase Noise

 The PSD curve S,(f) results when we connect
the signal (clock) to a spectrum analyzer.

S (f)y—>

L(f-£.)

f 'fE

.I.'

C

.I:

>

 Mathematically, L(f) can be written as:

L(f — fc) =10log[Sc(f)/Sc(f¢)] indBc

Assuming resolution bandwidth of 1Hz

Topics in IC Design
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Measurement of Phase Noise

 Measuring L(f) with a spectrum analyzer
directly from the spectrum S,(f) is NOT
practical.

— The value of L(f) is usually less than -100dBc
which exceeds the dynamic range of most
spectrum analyzers.

— f. can sometimes be higher than the input-
frequency limit of the analyzer.

Topics in IC Design
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Measurement of Phase Noise

 The practical way uses a setup that eliminates
the spectrum energy at f..

— Similar to the method of demodulating a passband
sighal to baseband

_/'*'\ el N /2th

-2fc 0
CLK Source (fc)

under test
C(t)
/—I\ . @ n{ﬂ
fc Low Pass Spectrum
_ Mixer Filter Analyzer
sin(2mFct)
l 90 deg \
=f

fc
—_—

0

> f

Topics in IC Design 10
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Other Issues

* L(Af): Script Capital L or Script L

Topics in IC Design
© 2020 DK Jeong
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Outline

* Introduction

« Definitions of jitter

« Synchronous and accumulating jitter
 Modeling PLLs with jitter

« Simulation and analysis

« Summary

© 2020 DK Jeong Topics in IC Design



Introduction

 Modeling the jitter of a PLL
— Predicting the noise of the individual blocks
— Converting the noise of the block to jitter
— Building high-level behavioral models
— Assembling the blocks into a PLL model
— Simulating the PLL with modeled jitter

© 2020 DK Jeong Topics in IC Design



A PLL-based frequency synthesizer

Frequency Synthesis

— Reference oscillator (OSC)

— Frequency dividers (FDs)
— Phase frequency detector (PFD)
— Charge pump, loop filter (CP, LF)

— Voltage-controlled oscillator (VCO)

OSC |—»

fin

FD
M

fref

_b.

© 2020 DK Jeong

PFD

— -
—

CP

LF

VCO

f out

fﬂ;r

FD
N
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Jitter

 An undesired perturbation or uncertainty in the
timing of events

» The noisy signal V,(?) = v(7+/(7))
— For a noise-free signal V
— Displacing time with a stochastic process J

 Converting to phase noise
O(r) = 2nf,j(t), wheref,=1/T

© 2020 DK Jeong Topics in IC Design



Jitter Metrics

« Define {7} as the sequence of times for positive-
going threshold crossing in v,

 Edge-to-edge jitter

— J (i) = Jvar(81,)
— The variation in the delay between a triggering event
(ideal timing) and a response event

— Same as Time Interval Error (TIE)

© 2020 DK Jeong Topics in IC Design



Jitter Metrics

* k-cycle or long-term jitter
— Jk(Z) — /\/VElr(ltI-_l_k— fl‘)
— Uncertainty in the length of k cycles
— For a single period, period jitter J = J;
* Cycle-to-cycle jitter
B Jcc(i) — A/VElr(Tr'+ 1 Tr')
— Define1; = t;, | — 1; as the period of cycle |
— ldentifies large adjacent cycle displacement

© 2020 DK Jeong Topics in IC Design



Jitter metrics

edge-to-edge jitter
Joo(i) = [var(3t;)

k-cycle jitter
J(i) = Jvar(t;, p—t,)

cycle-to-cycle jitter

LU L L

+

-I—ST‘;

]

-
{:

[

Jcc(i)zl\/var(TH-l—Tf) ‘ ‘

© 2020 DK Jeong

Topics in IC Design

k cycles

}'}

-

Tr‘+l

'
Livk

L

L

L



RMS vs. peak-to-peak jitter

« RMS metrics are unbounded when the noise
sources have Gaussian distributions

« Peak-to-peak jitter: the magnitude that the jitter
exceeds only for a specified “error rate”

Jpp = AWJRMS

© 2020 DK Jeong Topics in IC Design



Error Rate vs a

Jpp = dJrMs

0.2 0.3 0.4

0.0 0l

© 2020 DK Jeong
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Error Rate o
10~ 6.180
10—+ 7.438
10— 8.530
10— 9.507
10~ 10.399
10" 11.224
10~ 11.996
1010 12.723
1o~ 13.412
1o—t2 14.069
1o~ 14.698
o4 15.301
1013 15.883
1010 16,444
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http://upload.wikimedia.org/wikipedia/commons/8/8c/Standard_deviation_diagram.svg
http://upload.wikimedia.org/wikipedia/commons/8/8c/Standard_deviation_diagram.svg

Types of Jitter

* Synchronous jitter

— A variation in the delay between the received input and
the produced output.

— No memory, no accumulation.

 Accumulating jitter

— Accumulation of all variations in the delay between an
output transition and the subsequent output transition.

— Timing variation in one cycle is added to sum of all the
previous cycles and affects the subsequent cycles.

© 2020 DK Jeong Topics in IC Design 11



« PM (Phase Modulated) jitter vs FM(Frequency

Types of Jitter

Modulated) jitter

CHARACTERISTICS OF PM AND FM JITTER.

Jitter Type Circuits J
driven Jvar(nv, l.)
PM | synchronous (PFD/CP. FD) )
C
: autonomous
FM | accumulating (0SC. VCO) JaT

© 2020 DK Jeong
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Synchronous Jitter

 An undesired fluctuation in the delay between
the input and the output events

« Exhibited by driven systems (PFD/CP, FD)
 Phase modulated or PM jitter

 The output signal in response to a periodic input
sequence of transitions
— The frequency is exactly that of the input
— Only the phase fluctuates

© 2020 DK Jeong Topics in IC Design 13



Simple synchronous jitter

* Let n be awhite Gaussian stationary or T-
cyclostationary process, then

jsync(f) — 'n(f) n(t): Al2t= H 3} Process
va() = V(£ + e (1)

. Vu(?) exhibits simple synchronous jitter
— Driven circuits are broadband
— Noise sources are white, Gaussian and small

© 2020 DK Jeong Topics in IC Design 14



Simple synchronous jitter

J (D) = Jvar(jsym(zr.))

o Ji (i) = Jvar(tl.+k—f1.)

= NVar(Q(i + I T+ (1, D1 — [T+ e (1)
= ,\/2var(jsym(z‘z.))

= A2J_.()

* Jsync(fj) is independent of i, so is J. and J, are also
Independent of |.

- J, =J, =J(period jitter)

© 2020 DK Jeong Topics in IC Design



Simple synchronous jitter

+ J.()=yvar(T,,-T)
— \/V3-r(ti+2 _ti+1 _ti+1 +ti)
= \/E\Jee = \/§J <Error in the paper!

 This is valid only under WGN - in the absence of

JEENENN.

Jee I T, T

© 2020 DK Jeong Topics in IC Design



Extracting synchronous jitter

. Noisy signal Vn(f) — V(I) + HV(I) Noise to jitter conversion
* For cyclostationary n,,,

_ ) var(n,,)
[ =
varl/syne’e)) [dv(t,)/ d]?
Threshold \ )/
N

N

=

Jitter Histogram

© 2020 DK Jeong

Topics in IC Design

- Jvar(n (1))
€ dv(t)/di
Noise
Histogram
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Accumulating jitter

 An undesired variation in the time since the
previous output transition

 The uncertainty accumulates with every
transition

« Exhibited by autonomous systems (OSC and
VCO)

 Frequency modulated or FM jitter

© 2020 DK Jeong Topics in IC Design 18



Simple accumulating jitter

 Let n be awhite Gaussian stationary or T-
cyclostationary process, then

]-ELCC(I) — I n(T)dT n(t): CH2| AlZ2F =09 AlZ2F= B 3} Process

V(1) = V(I + ]y (1))

v,(7) exhibits simple accumulating jitter
— If noise sources are white, Gaussian and small

© 2020 DK Jeong Topics in IC Design 19



Simple accumulating jitter

« Each transition is relative to the previous
transition, and the variation in the length of each
period is independent.

) Jk: J?CJ for k — Oa 1323 Where

J = var( (1 + 1) — o)

* Jcc = ’\/i']

© 2020 DK Jeong Topics in IC Design
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Synchronous vs Accumulating Jitter

Jon (t) =17, (1) (stationary or T-cyclostationary)

n.(t): 8 F=J| St AlZ2HS B3t Process

21

Topics in IC Design
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Synchronous vs Accumulating Jitter

jew (0 = [ 7 (£)d 7

© 2020 DK Jeong Topics in IC Design 22



Extracting accumulating jitter

 Assume that a noisy oscillator exhibits simple
accumulating jitter

* nis a white Gaussian T-cyclostationary noise
process with

— A single-sided PSD Sn(ﬂ = 2c
— An autocorrelation function
Rn (t,1,) = E[U(t1)°77(tz )]
=C-o(t,—t,)

© 2020 DK Jeong Topics in IC Design
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Extracting accumulating jitter

 For Wiener process (Brownian Motion)

[
JaceD) = J n(t)dt R, (t),1)) = cmim(y,1,)
0

JEICC

J? = var(j, . (t+ 1) —j,..(0)
— E :(jacc(f + D _jaCC(I))Z]
= Elaeclt + D% = 2306t + D gee® +J oD

= Elyec(t + D21 = 2E[ 0ot + 1)j 1o(D] + EJ 1o (D]
=R, (t+T,1+D-2R, (t+T,0+R, (1,1

Jacc

= c(t+71)—2ct+ct
=cl

J = T

© 2020 DK Jeong Topics in IC Design 24
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Extracting accumulating jitter

* nis not measurable,
* Phase noise ¢_..(1) = 2nf_ j...(0) = 2nfjn(*c)d*c

2nf)?  2cf?
Yoy M) = 26(271Af)2 Nz

A

10 109 S acc(f)]
-20dB/dec

© 2020 DK Jeong Topics in IC Design 25
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Normalized Phase Noise

 Measurable quantity L(Af) is defined as

— the ratio between power at a frequency offset of Af
from the carrier in a bandwidth of 1 Hz and total
carrier power.

Area=A,%/4
Sy(f)
\ \
Af  Af+1Hz
1
j(@ H - LAS) = 55400
f

Copied into two places

© 2020 DK Jeong Topics in IC Design 26



Normalized Phase Noise

* Therefore

LAS) = 35400

1 cf?
LAS) = 35, (80 = 25

© 2020 DK Jeong Topics in IC Design
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Extracting the jitter of VCO

A very low noise oscillator
— Rael and Abidi in 0.35um CMOS
— f,=1.1 GHz, aloaded Q =6

T
1 31,

| [

N N

© 2020 DK Jeong Topics in IC Design
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Extracting the jitter of VCO

L=—-110dBc at 100 kHz offset
2
C = L(Af)Af =82.6 x 107! UI2/Hz

1021
J = JeT = [ J82'6X10 = 8.7 fs

1.1 GHz

© 2020 DK Jeong Topics in IC Design
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Other iIssues

* n(t): Stationary jitter normalized to 1UI
— RMS Period jitter = T*sqrt(E[n?(t)])
* c: Under white stationary noise process
— Normalized phase noise power (,,,./2®)? per 1 Hz

— Jitter power normalized to 1 Ul accumulated for 1s.
— Rms period jitter ¢ = sqrt(c*T)=T*sqrt(c*f,)

© 2020 DK Jeong Topics in IC Design
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Outline

 Lossy LC Resonator
 Lossless LC Oscillator

e LC Osci
e LC Osci
e LC Osci

© 2020 DK Jeong

ator wit
ator wit
ator wit

N Negative Resistance
n VCCS

N Nonlinear VCCS

Noisy LC Oscillator
Phase Noise in LC Oscillator
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Lossy LC Resonator

 Oscillation not sustainable

V
f=—=,Q=wCR
R L C

V

© 2020 DK Jeong Topics in IC Design




Lossless LC Oscillator

« Sustained Oscillation Rer

:(_Ra'Rj R p.? Lé c—
(_ Rat R)

If Ra > R. Reff > 0, lossy.
If Ra = R, Reff = o, sustaining oscillation
If Ra < R, Reff <0, exponentially expanding

© 2020 DK Jeon . :
J Topics in IC Design



LC Oscillator with VCCS

* Building -Ra

|f 1/gm = Ra, Reff = i=gm.V/ 1-> $ %

Slope=gm=1/Ra

\Y

© 2020 DK Jeong Topics in IC Design



LC Oscillator with Nonlinear VCCS

Vv
* Building -Ra
|f 1/gm = Ra, Reff = INf é ? % —
Rs R L C
/ Excess t ./ iﬂ:}
ly < Loss

Slope=1/R Al ﬂﬂﬂﬂﬂ

/ " V ) U U U U U U
© 2020 DK Jeong Topics in IC Design 6



LC Oscillator with Nonlinear VCCS

\%
 What if VCCS is digital?
V, = 4 I, R |
7T
Ra R L CTT
/ Excess i:Fm
A Current
! Current ey VO

° Loss
lg r"rmP

() J
Slope=1/R U J

VO \Y ID

N Y

© 2020 DK Jeong Topics in IC Design 7




Noisy LC Oscillator

 White Gaussian current noise is injected.

v(t) =(A + A, (t))-cos(at + ¢, (1))

in(t) %
Ra

A
-
O
| |
|

* A, (t)is very small. Suppressed by the nonlinear
resistor and/or buffer.

* Only @,(t) is affected by i_(t).

© 2020 DK Jeong Topics in IC Design 8



Phase Noise in LC Oscillator

 Jitter is accumulated. t
+ Define n(t) as a white, Gaussian process with Ja(t) = | n(t)at

4 ) _ O
Sﬂ(f) P (t) 27 fO Jacc (t) / S(pn(f) Cfoz\
. Zo
=27 f, [ ()t J Kf?
: S  — S
_ 0 f y _ 0 f’/
Half power width = rcf,2 Lorentzian Spectrum § PMwith SsB
- ™ S, ()=l 7~ ™
(] 4an R R
\' AU el Normalize \/\
[ N e |
—\ fo - x-axis: Offset Freq.
\_/S - N\ logf ) \O fo f Y,

© 2020 DK Jeong
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Period Jitter in LC Oscillator

« Jitter is accumulated.
* Define n(t) as a white, Gaussian process with

fnce (1) = [ (D)t

 Period Jitter J is calculated as follows:

J=+[cT
2
=\/19(Af)Aff2T

0

= b(fo)T

© 2020 DK Jeong Topics in IC Design
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How to build a Negative Resistance

« Use of cross-couplng

Thus, R=v/i=(v; —v,)/(9,, V1)=-2/9,,

© 2020 DK Jeong Topics in IC Design 11
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Outline

* Introduction

« General considerations

* Oscillator phase noise in LTI system
 Phase noise theory in LTV system
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Introduction

* Noise in oscillators
— Amplitude noise and Phase noise
— Generally amplitude fluctuations are greatly attenuated
— Phase noise generally dominates

* Practical issues related to “how to perform simulations of
phase noise”

« ldentify general tradeoffs among key parameters

— Power dissipation, Oscillator frequency, Resonator Q, circuit
noise power

— At first, these tradeoffs studied qualitatively in a hypothetical
Ideal oscillator

« Linearity of the noise-to-phase noise is assumed

© 2020 DK Jeong Topics in IC Design 3



Introduction

* Oscillators are linear time-varying systems

* Periodic time variation leads to frequency
translation of device noise to produce phase-
noise spectra

« Upconversion of 1/f noise into close-in phase
noise depends on symmetry properties

— Symmetry properties are controllable by designers

* Class-C operation of active elements within an
oscillator are beneficial

© 2020 DK Jeong Topics in IC Design



General Considerations

« Assume, the energy restorer is noiseless
— The tank resistance is the only noise element

-
— Signal energy stored in the tank " %R T EL Nolseless Energy Restorer
-

— 1 2
Estorecl - §OT/;>k

— Mean-square signal voltage
5 __ Lustored
I/sig - C
— Total mean-square noise voltage : Integrating the

resistor’s thermal noise density over noise bandwidth

o0 2
V—,$:4kTRf Z24) df=4kTRrL—k—T
0

R ARC ~ C

V2 kT
f?g E stored.A

— Noise-to-signal ratio : | § ==

© 2020 DK Jeon .. :
J Topics in IC Design 5



General Considerations

— By considering power consumption and resonator Q

WEstorecl

Pdiss

Q=
— Therefore

N wkd’

S B QP diss

— Noise-to-carrier ratio a 1/(product of Q and Power)
a oscillation frequency

* This relation holds approximately for real
oscillators

© 2020 DK Jeong Topics in IC Design



Oscillator Phase Noise (LTI)

 The only source of noise is white noise of the
tank conductance (represent as a current source
across the tank with a mean-square spectral
density)

b _ g
Af

* For relatively small Aw (offset frequency) from
center frequency Wweo.
— The impedance of an LC tank approximated as

wol 1 wWo

2% T G 2QAw where Q=
w0

Z(wo + Awo) ~ j - R 1

wol — woGL

© 2020 DK Jeong Topics in IC Design



Oscillator Phase Noise (LTI)

 Multiply noise current by the squared magnitude
of the tank impedance to obtain mean-square
noise voltage

’0_2 - £2 2 W ?
NN 4kTR(2QAw>

* In idealized LC model, thermal noise affects both
amplitude and phase-noise.

* In equilibrium, amplitude and phase-noise power
are equal

— So, the amplitude limiting mechanism present in any
oscillator removes half the noise

© 2020 DK Jeon . :
J Topics in IC Design



Oscillator Phase Noise (LTI)

 Normalized single-sideband noise spectral density

2T wo \°
Psf,gg 2QAL¢J

L{Aw} = 10log

e Lesson’s formula

L(‘AOJ) L{Aw}
B | 2FkT wo \2 Awy g3
= 10log | 5 {H(zQAw) }(H Au] )]
« White noise converts into 1/f2
phase noise
| - Leeson 10-1og[2}f;'::) * Includes 1/f3 noise
A NN ,0;;0) « Includes buffer noise
3
vIog B + High Q & high Psig
© 2020 DK Jeong reduces the phase noise
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LTV Phase Noise Theory

« Several phase-noise theories tried to explain
certain observations as a conseguence of
nonlinear behavior

By injecting a single frequency sinusoidal
disturbance into oscillator

* Nonlinear mixing has been proposed to explain
the phase noise

 Memoryless nonlinearity cannot explain the
discrepancies

© 2020 DK Jeong Topics in IC Design
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LTV Phase Noise Theory

* Linearity would be areasonable assumption as
far as the noise-to-phase transfer function is
concerned
— expect doubling the injected noise to produce double

the phase disturbance

- Perform linearization around the steady-state
solution

— Which automatically takes the effect of device
nonlinearity into account

* Oscillators are fundamentally time-varying
systems

© 2020 DK Jeong Topics in IC Design
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LTV Phase Noise Theory

 Example to show time invariance fails

Vou

,(t) Vmax : AV | k
current | 8(t-1) * Impulse at pea
impulse T . *No change in phase

T ; Vouf
Vmax .
éPi(t) —CcglL AV * Impulse at zero-crossing
t +Changein phase

LC Oscillator

 Therefore, an oscillator is linear, but time varying
(LTV) system

© 2020 DK Jeong Topics in IC Design 12



LTV Phase Noise Theory

 An impulsive input produces a step change In
the phase noise

— Impulse response hy(t, 7) =
step function

— Dividing by qmax makes impulse sensitivity function
(ISF) I'(x) independent of amplitude and dimensionless
* ISF : encodes information about the sensitivity of
an oscillator to an impulse injected at phase wgt
— ISF has maximum value near zero crossings

— |ISF has a zero value at maxima of the oscillation
waveform

[(woT)

qlllaX

u(t —7) where u(t) is unit

© 2020 DK Jeong Topics in IC Design 13



LTV Phase Noise Theory
 Typical shapes of ISF’s for LC and Ring oscillator

vAaut(n Your®

N VAVAW
LC Oscillator \T&y CR)Isnc%IIator Tmor)

Vava R

 Excess phase can be computed once ISF has
determined

b() = /_ Z ho(t, 7)i(r) dr = q%x /_  Twor)itr) dr

© 2020 DK Jeong Topics in IC Design 14



LTV Phase Noise Theory

* This computation can be visualized with the

equivalent block

I“(mot) Ideal Phase .
l Integration Modulation
i(t)
9 max y(h) ¢ (1) v(t)
> Jl > cos[wot+¢(t)] }—

— ISF Is periomdic and expressible as Fourier series

I'(wor) = 62—0 + Z Cn, cos(nwoT + 6),)
n=1

— The excess phase caused
by an injected noise current

d)(t):ql [%/_; i(T)dT+;cn[tm

mMax

- 4(T) cos(nwoT) d’r] .
© 2020 DK Jeong

-

J.

cqC08(wyt+6,)

i

\ ()

- cncos(nwot +

8.

-

|

c05[mot +¢(1)]

V(i)

Topics in IC Design
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LTV Phase Noise Theory

* A linear, but time-varying system can exhibit
similar behavior
— Example : Inject a sinusoidal current i(t) = I,,, cos[(mwo + Aw)i]
— The excess phase

1. Crp sIn( Awt —
o(t) ~ (Awt)  when n=m
2g1rlawa

— The spectrum of @(t) consists of two equal side-bands

 Phase-to-voltage conversation is nonlinear
— Because It Involves phase modulation of sinusoid
— Equal-power sideband

Imem ?
PSBQ(ALU) ~ 10 - log (4(] Aw)

© 2020 DK Jeon . :
J Topics in IC Design 16



LTV Phase Noise Theory

* |n case of white noise source Z%

PSBC(AW) ~ 10 - ].08 “L_AOQ)Z

max

It indicates both upward and downward
frequency translations of n0|se Into the noise
near carrier o o

* |Inthe1/f?region

2 .
n 2 where Nms is

. f rafs
m;l,_ 10 - log T

1= 09

rms value of ISF

« Phase noise in the1/f*reqgion

2 2
_ N
JL(Aw) =10 -log S AR Aw

2
. CO o Fd
Awy/ s =wiyf - T2~ Cus (prms)':>1/f3 corner frequency
© 2020 DK Jeong
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Introduction

Extracting electronic signals from noise is a challenge for most
electronics engineers. As engineers develop cutting edge radar and
communications systems, where extreme processing is used to obtain
the maximum amount of information from the signal, phase noise is
the little understood nemesis limiting system performance.

Phase noise degrades the ability to process Doppler information in
radar systems and degrades error vector magnitude in digitally
modulated communications systems

el w

f 1S N
J
-

24 Agilent Technelugies

© Agilent Technologies, Inc 2012



Phase Noise Measurements

/‘qi_,-
e Device
Characteristics

Anligipats __Avesieralr

A s B (hnvm frvigrms s

‘d}, Agillen!mdwiu © M2 Apawd Tactmyages

A number of years ago when we at Agilent were Hewlett-Packard one of our engineers
represented phase noise measurements as a puzzle with many pieces that are sometimes not
so easily connected.

© Agilent Technologies, Inc 2012



Phase Noise Measurements

Measurement Solution

Antisipats Averiviate

f) Agilent Technelogies

Today, we have new hardware and improved techniques, but phase noise measurements can
still be a puzzling question and generally there is not one solution that fits all requirements.

Today we will review some of the basics of phase noise and the three most common

measurement techniques and where they apply. Hopefully we can make the puzzle of phase
noise measurements a little easier to solve.

© Agilent Technologies, Inc 2012



Agenda

What is phase noise?
« Phase noise measurement techniques

- Direct phase noise measurement (with a spectrum
analyzer)

-~ Phase detector techniques

-~ Two-channel cross correlation method

Agilent E5500 Phase Noise Measurement System

« Comparison of Agilent Phase Noise Measurement Solutions
+ Summary

« Bibliography

‘.:) Agilent Technelogies
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What is Phase Noise?

* The basic concept of phase noise centers around frequency stability, or the
characteristic of an oscillator to produce the same frequency over a
specified time period.

» Frequency stability can be broken into two components:

— Long-term frequency stability—frequency variations that occur over
hours, days, months, or even years

- Short-term frequency stability—describing frequency changes that occur
over a period of a few seconds, or less, duration.
* In our discussion of phase noise we will focus on short-term frequency
variations in oscillators and other electronic devices like amplifiers
* Phase noise can be described by in many ways, but the most common is
single sideband (SSB) phase noise, generally denoted as Af)

« The U.S. National Institute of Standards and Technology (NIST) defines
f) as the ratio as the power density at an offset frequency from the carrier
to the total power of the carrier signal.

Antigipats __Averivrate __Askivee
B R N T 1

{) Agilent Technelogies © 62 Agaws Tactwraren

The first question that is often asked is; Whatis phase noise? Inthe main, when we are
talking about phase noise we are talking about the frequency stability of a signal. We look at
frequency stability from several view points. Many times we are concerned with the long-term
stability of an oscillator over the observation time of hours, days, months or even years. Many
oscillators that have excellent long-term stability, such as Rubidium oscillators, don’t have very
good phase noise.

When discussing phase noise we are really concerned with the short-term frequency variations
of the signal during an observation time of seconds or less. This short-term stability will be the
focal point of our discussion today.

The most common way to describe phase noise is as single sideband (SSB) phase noise
which is generally denoted as §£{f) (script L of f). The US National Institute of Standards and

Technology defines single sideband phase noise as the ratio of the spectral power density
measured at an offset frequency from the carrier to the total power of the carrier signal.

© Agilent Technologies, Inc 2012



What is Phase Noise?

|deal Signal

V(ty= A Sinles (1))

Where
A, = nominal amplitude
w, = nominal frequency

Basa

viy

[ "

R

Real-World Signal

V(t)y=(A, + E())Sinler (1) +¢(1))

Where:
E(t) = random amplitude changes
@{t) = random phase changes

E{t)

Before we get too far along, let's look at the difference between an ideal signal (a perfect
oscillator) and a more typical signal. In the frequency domain, the ideal signal is represented

by a single spectral line.

In the real world; however, there are always small, unwanted amplitude and phase fluctuations
present on the signal. Notice that frequency fluctuations are actually an added term to the
phase angle portion of the time domain equation. Because phase and frequency are related,

s~ Agitont Technelogies

you can discuss equivalently about unwanted frequency or phase fluctuations.

In the frequency domain, the signal is no longer a discrete spectral line. It is now represented
by spread of spectral lines - both above and below the nominal signal frequency in the form of

modulation sidebands due to random amplitude and phase fluctuations.

© Agilent Technologies, Inc 2012

Apvsmm s B (Bhnem fryvigrns o
© M2 Agawd Tactuwagpon



What is Phase Noise?

Using Phasor Relationships

AVNrms, -~ - _ Fr
rIR fm . AVNrms = amplitude noise
----- ~ X.\\ \

,Il ,. A¢"“5 = phase noise

Vsignal

Anlisipats Averiviate Ashiver

’:) Agilent Technelogies

You can also use phasor relationships to describe how amplitude and phase fluctuations affect
the nominal signal frequency.

© Agilent Technologies, Inc 2012



What is Phase Noise?

Unit of measure

* Usually single sideband phase noise is denoted as _g#f)

+ Af) —defined as single sideband power due to phase fluctuations
referenced fo total power

—In a 1 Hz bandwidth at a frequency f Hz from the carrier

- Divided by the signal's total power 103 A
- Af) has units of dBc/Hz AN \\
- LN is plotted using log frequency '
LSt
Area of | Hz bandwidth
L(f) =-
I'otal area under the curve ""*| =
| L
! . FREGUENCY

Anlisipats Averiviate Ashiver

’:) Agilent Technelogies

Historically, the most generally used phase noise unit of measure has been the single
sideband power within a one hertz bandwidth at a frequency f away from the carrier referenced
to the carrier frequency power. This unit of measure is represented as script L(f) in units of
dBc/Hz

© Agilent Technologies, Inc 2012



Direct Phase Noise with a Spectrum Analyzer

cﬂf) -~ _Noise power in a 1 Hz bandwidth
Total signal power

Af =P, (dBm/Hz)- P, (dBm)

Marker 1 4 10 050090 hiex

P, (dBm)
P, (dBm/Hz)

L A i "f fae A
Ly ATy q',,l, Y TRy _\‘.‘..1,

1 Hz bandwidth,
generally normalized
to 1 Hz

Antisipats __Averierate __Askivee

2. Agilent Technelogies

Traditionally, when measuring phase noise directly with a swept RF spectrum analyzer, the
Alf) ratio is the ratio of noise power in a 1 Hz bandwidth, offset from the carrier at the desired
offset frequency, relative to the carrier signal power. This is a slight simplification compared to
using the total integrated signal power; however, the difference in minimal considering the
great differencesin power involved.

On modern spectrum analyzers like the Agilent PXA the delta marker can be used to
determine the relative signal power and the noise power. Note that the carrier power is
measured in dBm using a simple marker and that the noise power is measured using
Band/Interval density marker. The band/Interval density marker provides integrated power
normalized to a 1 Hz bandwidth.

© Agilent Technologies, Inc 2012



Thermal Noise or Johnson Noise

N, = KTB
K = Boltzman's constant T = Temperature (K) B = Bandwidth (Hz)
For T = 200K Ap =204 dB(Warty ) - 17 dim
Hz Hz

Anligipats __Averierate __Askivee

i Agilont Technelogies TG ot Ve

Thermal noise (KTB) is the mean available noise power per Hz from a resistor at a temperature
T. As the temperature of the resistor increases, the kinetic energy of its electrons increases
and more power becomes available. Thermal noise is broadband and virtually flat with
frequency. However, when displayed on a spectrum analyzer the analyzer’s own noise figure
increases the measured noise power, limiting the small signal performance of the analyzer.

© Agilent Technologies, Inc 2012
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Thermal Noise Limitations on
Phase Noise Measurements

Af =P, (dBm/Hz)- P, (dBm) Total Power (KTB) = Pn (kTB) = -174 dBm/Hz
’ $ Phase Noise and AM noise equally contribute
Phase Noise Power (KTB) =-177 dBm/Hz

Theoretical KTB limits to phase

noise measurements for low-level

signals

P, (dBm) Af) dBeiHz
+10 -187

0 177

Note: There are other measurement factors
-10 -167 besides KTB limitations which can reduce the

theoretical measurement limit significantly.
-20 -157

Antisipale __Aveelerate __Askiver
B R N T
© M2 Apawd Tactuvagren

(f) Agilent Technelogies

Thermal noise can limit the extent to which you can measure phase noise. Thermal noise as
described by kTB at room temperature is -174 dBm/Hz. Since phase noise and AM noise
contribute equally to KTB, the phase noise power portion of kKTB is equal to -177 dBm/Hz (3 dB
less than the total kTB power).

If the power in the carrier signal becomes a small value, for example -20 dBm, the limit to
which you can measure phase noise power is the difference between the carrier signal power
and the phase noise portion of KTB (-177 dBm/Hz - (-20 dBm) = -157 dBc/Hz). Higher signal
powers allow phase noise to be measured to a lower dBc/Hz level.

© Agilent Technologies, Inc 2012



The Universal Solution to Low-Power Signals

Add an Amplifier

Pin = Ps (dBm) IG\ Pout = Ps (dBm) + G(dB)

‘.:) Agilent Technelogies

If more signal power is the answer, simply add an amplifier—or so you would expect.

© Agilent Technologies, Inc 2012
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The Universal Solution to Low-Power Signals

Add an Amplifier

Pin = Ps (dBm) IG\ Pout = Ps (dBm)+ G(dB) + Na(dB)

‘:) Agilent Technelogies

But the amplifier itself adds noise. Adding amplification also adds noise, which we need to
account for within our measurement.

© Agilent Technologies, Inc 2012
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Amplifier Noise Figure
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What does noise figure
have to do with phase noise?

Anligipats Averivrate __Askiver

iy ® B Y e e L
d} Agilent Technelogies © 213 Aoaws Tachrarzen

Amplifiers boost not only the input signal but also the input noise. The input signal-to-noise
ratio is only preserved when the amplifier itself does not add noise.

Noise figure is simply the ratio of the signal-to-noise at the input of a two-port device to the
signal-to-noise ratio at the output, at a source impedance temperature of 290°K. In other
words, noise figure is a measure of the signal degradation as it passes through the device—
due to the addition of noise by the device. What does this have to due with phase noise
measurements?

© Agilent Technologies, Inc 2012
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Amplifier Noise

KTB ,‘G\ Nout
FKTB/
Ps r, >\, Nout=FGKTB
LG5 v

V. o) =V RP.G

Virms = /RFGKTB
s

(f) Agilent Technelogies

The noise power at the output of an amplifier can be calculated if its gain and noise figure are
known. The noise at the amplifier output is given by:

N(out) = FGKTB.

The display shows the rms voltages of a signal and noise at the output of the amplifier. We
want to see how this noise affects the phase noise of the amplifier.

© Agilent Technologies, Inc 2012
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Phasor View of Amplifier Noise
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Using phasor methods, we can calculate the effect of the superimposed noise voltages on the
carrier signal. We can see from the phasor diagram that Vs produces a A®rms term. For
small angles, ADImMSs = Vyms/VSpear- The total A®rms can be found by adding two individual
phase components power-wise. Squaring this result and dividing by the bandwidth gives the
spectral density of phase fluctuations or phase noise. The phase noise is directly proportional
to the thermal noise at the input and the noise figure of the amplifier.

Note that this phase noise component is independent of frequency.
To summarize, amplifiers help boost carrier power signal to levels necessary for successful

measurements, but the theoretical phase noise measurement limitis reduced by the noise
figure of the amplifier and low signal power.

© Agilent Technologies, Inc 2012
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Quantifying Phase Noise

Quantifying Phase Noise in Terms of Power Spectral Density

Se(f), Spectral density of phase fluctuations

Af) Single sideband phase noise relative to total signal power
S,(f), Spectral density of frequency fluctuations

S,{f). Spectral density of fractional frequency fiuctuations
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Due to the random nature of the instabilities, the phase deviationis represented by a spectral
density distribution plot. The term spectral density describes the power distribution (mean
square deviation) as a continuous function, expressed in units of energy within a given
bandwidth. The short term instability is measured as low-level phase modulation of the carrier
and is equivalentto phase modulation by a noise source. There are four different units used to
guantify spectral density:

S,(f), L(), S.(f), and S(f).

© Agilent Technologies, Inc 2012
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Quantifying Phase Noise

S, (f) or Spectral Density of Phase Fluctuations

Demodulate phase modulated signal
with a phase detector (convert phase
fluctuations to voltage fluctuations)

AV, = Ko AD,, Where: K, = Viradian

H: Measure the voltage fluctuations on
a spectrum analyzer:

AVimelf) = KeA®re(f)

. AP ) N rms( ) rad”® Sv,.{f) = the power spectral density of the
Se(f)= ‘T“;‘[;— - "‘K—;—“' ‘”T voitage fluctuations out of the phase
R @ = detector

Se(f) can be expressed in dB relative to 1 radian
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A measure of phase instability often used is Sy, (f), the spectral density of phase fluctuations,
on a per Hertz basis. If we demodulate the phase modulated signal, using a phase detector,
we obtain V,, as a function of phase fluctuations of the input signal. Measuring V., on a
spectrum analyzer gives AV,,¢(f) which is proportional to AD,,,s(f)

The term spectral density describes the energy distribution as a continuous function,
expressed in units of phase variance (radians) per unit bandwidth. If we use 1 radian(rms)/rt
Hz as the phase variance comparison, we can express Sg(f) in terms of dB.

For large phase variations (>> 1 radian rms/rt Hz), S (f) will be greater than 0 dB. For small
phase variations (< 1 radian rms/rt Hz), S, (f) will be less than 0 dB.

S (f) is a very useful for analysis of the effects of phase noise on systems that have phase
sensitive circuits, such as digital communications links.

© Agilent Technologies, Inc 2012
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Quantifying Phase Noise

ot(f). Single Sideband Phase Noise
« Due to phase fluctuations referenced to carrier power
Al

I' (11414 |

Power density (one phase modulated sideband) | ‘/ﬂ '|

Carrier Power \ Hz )

A=
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L(f) is an indirect measure of noise energy easily related to the RF power spectrum observed
on a spectrum analyzer. The historical definition is the ratio of the power in one phase
modulation sideband per hertz, to the total signal power. L(f) is usually presented
logarithmically as a plot of phase modulation sidebands in the frequency domain, expressed in
dB relative to the carrier power per hertz of bandwidth [dBc/Hz].

This historical definition is confusing when the phase variations exceed small values because it
is possible to have phase noise values that are greater than 0 dB even though the power in the
modulation sideband is not greater than the carrier power.

IEEE STD 1139 has been changed to define L(f) as Sy, (f)/2 to eliminate the confusion.

© Agilent Technologies, Inc 2012
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Single Sideband Phase Noise
(Region of Validity)
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Historical measurements of L(f) with a spectrum analyzer typically measured phase noise
when the phase variation was much less than 1 radian. Phase noise measurement systems,
however, measure Sy, (f), which allows the phase variation to exceed this small angle
restriction. On this graph, the typical limit for the small angle criterion is a line drawn with a
slope of -10 dB/decade that passes through a 1 Hz offset at -30 dBc/Hz. This represents a
peak phase deviation of approximately 0.2 radians integrated over any one decade of offset
frequency.

This plot of L(f) resulting from the phase noise of a free-running VCO illustrates the confusing
display of measured results that can occur if the instantaneous phase modulation exceeds a
small angle. Measured data, S, (f)/2 (dB), is correct, but historical L(f) is obviously not an
appropriate data representation as it reaches +15 dBc/Hz at a 10 Hz offset (15 dB more power
at a 10 Hz offset than the total power in the signal). The new definition of L(f) =S, (f)/2 allows
this condition, since S, (f) in dB is relative to 1 radian. Exceeding 0 dB simply means than the
phase variations being measured are greater than 1 radian.
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Direct Spectrum Method

« Oldest phase noise measurement
method

« Simplestand easiest method of phase
noise measurement

— The device under test (DUT) is
directly connected to the input of a
spectrum analyzer

— The analyzer is tuned to the carrier
frequency

- Directly measure the power spectral
density of the oscillator in terms of

. Af

| “= Phase noise measurement
personalities further simplify the
measurement

A\ 4‘.“; !’."’.@;\‘.‘)‘ Yind
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The direct spectrum method is the oldest phase noise measurement method and probably the
simplest to make. The device under test (DUT) is simply connected to the analyzer’s input and
the analyzer is tuned to the carrier frequency of the DUT. Next the power of the carrier is
measured and a measurement of the power spectral density of the oscillator noise, at a
specified offset frequency, is referenced to the carrier power. Pretty simple—right, but there
may be more here than meets the eye.

For this measurement you may also want to consider making corrections for:

1. The noise bandwidth of the analyzer’s resolution bandwidth filters. This is a two-step
process: First, the RBW filter's 3-dB bandwidth must be normalized to 1 Hertz by taking
10*Log (RBW filter BW/1 Hz). Next a correction factor must be applied to correct the filters
noise bandwidth to its 3-dB bandwidth. Generally, most Agilent digital IF spectrum
analyzer RBW filters have a noise bandwidth that is 1.0575 wider than the 3-dB bandwidth.
For example, if a 300 Hz RBW filter were used you would need to add a correction factor
of 10 * log(300 * 1.0757) or 25.09 dB

2. Effectsof the analyzer’s circuitry. These corrections should account for the way that a
peak detector responds to noise, under reporting rms noise power by a factor of 1.05 dB.
In addition, the logging process in spectrum analyzers tend to amplify noise peaks less
than the rest of the noise signal resulting in a reported power that is less than the actual
noise power. Combining these two effects results in a noise power measurement that is
2.5 dB below the actual noise power.

Agilent Application Note 150 fully explains the above correction factors.
These considerations are not necessary when making measurements with the analyzer’s built

in phase noise measurement personality or when using the analyzer’s internal band/interval
density marker to make the noise spectral density measurement.

© Agilent Technologies, Inc 2012
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Limitations of the Direct Spectrum Method

The following factors limit the accuracy of direct spectrum phase
noise measurements:;

« IF (RBW) filter bandwidth, verses noise bandwidth

« IF filter type and shape factor

+ Local oscillator stability—residual FM

+ Local oscillator stability—noise sidebands

« Analyzer's detector response to noise—peak detector introduces error
« Analyzer's log amplifiers response to noise

* Noise floor of the analyzer

Anligipats __Averivrale __Askiver
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As mentioned previously, the direct spectrum method of phase noise measurement is a simple
and time proven method of measuring the phase noise of an oscillator, but there are potential
problems associated with this measurement. The biggest limiting factor is the quality of the
spectrum analyzer being used, but all spectrum analyzer share some common limitations.

As we discussed on the previous slide, the 3-dB bandwidth and the noise bandwidth of the
analyzer’s resolution bandwidth filters are not identical and correction factors must be used.
We also discussed errors associated with measuring the true rms power of noise, caused by
the analyzer’s detector processing and logarithmic amplifiers. In addition to these errors, other
factors limit the analyzer’s ability to correctly measure the phase noise of a signal. These
factors include:

* Theresidual FM of the analyzer’s local oscillator, and

* The noise sidebands or phase noise of the analyzer’s local oscillator. Just like in a
receiver, the LO phase noise is added to the signal that is up or down converted by the
mixers in the analyzer.

* The noise floor of the spectrum analyzer.

Lastly, spectrum analyzers generally only measure the scalar magnitude of noise sidebands of
the signal and are not able to differentiate between amplitude noise and phase noise. In
addition, the measurement process is complicated by having to make a noise measurement at
each frequency offset of interest, sometimes a very time consuming task.

To a large extent the use of a phase noise measurement personality like the Agilent N9O68A
Phase Noise measurement application for Agilent X-Series signal analyzes greatly simplifies
the measurement task and minimizes the effects of the above mentioned measurement errors.

© Agilent Technologies, Inc 2012
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Agilent N9068A Phase Noise Measurement
Application for PXA, MXA, and EXA

Start Offset 10 K2

Sigral Tractmg: On

BT ) A ey, AT g m )
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* N9068A provides

a simple one-
button PN
measurement

Can:

— Monitor a
spectrum

- Spot
measurement
verses time at
a single
frequency

— Log plot, as
shown here

The N9068A Phase Noise Measurement application provides a simple one-button
measurement menu for making quick and accurate phase noise measurements. The

application automatically optimizes the measurement in each offset range to give the best
possible measurement accuracy. The user can quickly select between a spectrum monitor
mode, a spot measurement that shows phase noise verses time at a single offset frequency, or

a log-plot view; as shown on this slide.

© Agilent Technologies, Inc 2012
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N9068A Marker Functions

* Spurious Search:
— Next spur, next spur right, and next spur left
= Band Marker Functions:
- RMS integrated phase deviation in degrees
- RMS integrated phase deviation in radians
- RMS integrated jitter in seconds
- RMS integrated phase noise in dBc per marker bandwidth Hz
- Residual FM (frequency weighted integrated) in Hz
- RMS averaged phase noise density in dBc/Hz
« Delta Marker Scales:
- Absolute (+ Av Hz)
- Octave slope (x A2 Hz)
— Decade slope (x A10" Hz)
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The N9068A Phase Noise Measurement application not only produces a nice log plot of an
oscillator’'s phase noise, it also provides many common phase noise related measurements
through special purpose marker functions. Most of these measurements are accessed through
the marker function hard key on the front of the analyzer. Measurements like residual FM,
integrated phase noise and oscillator spurs are simple one button measurements.

© Agilent Technologies, Inc 2012
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NS068A Band Marker Functions
RMS integrated phase deviation in degree
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e 4 . ~Lunction J
Ref 60 dBetiz Carrler Power -10.28 dBm 86 37dBe/H 2 I ManerFunction |
ml‘trilg.

Integrated
(RMS) Noise

Dogroe

Reshiual FM
Diaighing integ

3
" H (| o
200 kHz
500 kHz
100 kMz. 1.070 Hz
200kHz. 127.9 dBciHz

1
2
3
4
s
6
7
e
2

In this slide an integrated phase noise measurement is shown with marker 4. In the display
note the two vertical bars showing the offset region over which phase noise is being integrated.
The total integrated phase noise over this region is shown in the marker table as 3.445
millidegrees. Note that integrated phase noise is estimated as for a double sideband
measurement.

Other band marker functions are also shown such as residual FM and jitter.



Calibrated Phase Noise
(Note: can be used with any test method)

Occasionally, it is desirable to have a calibrated phase noise signal that
can be used to verify the performance of a measurement setup. Here a
calibrated phase noise is generated with a constant slope of -20
dB/decade, by creating an FM signal modulated with uniform noise,

» Set up an Agilent PSG signal generator
for FM modulation, by selecting

— FM path 1

- FMon

~ FM deviation, as specified on next slide
-~ FM waveform to noise. uniform

* Ensure that noise of the PSG in FM off is
at least 10 dB less than the desired
calibrated noise at a desired offsat
frequency, to ensure accuracy.
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Many times it is desirable to have a calibrated phase noise signal that can be used to verify a
giventest setup. Thisis particularly valuable when developing your own phase noise software
for a direct phase noise measurement. The method described here can be used with any
phase noise measurement technique and can provide valuable insight into the performance of
a given phase noise measurement system.

A reliable calibrated phase noise test signal can be created by frequency modulating a signal
generator with a uniform noise signal. The slope of the noise sidebands will be constant at -20
dB per decade. The desired sideband level can be selected by changing the deviation of the
FM signal.

When using this technique, it is important to ensure that the signal generator’s noise output be
at least 10 dB lower than the desired calibration signal at your specified offset frequency. The
phase noise measurement shown on this slide was produced with a uniform noise signal FM
modulated at a rate of 500 Hertz. This produced a phase noise at a 10 kHz offset of -100
dBc/Hz.

In addition to using an Agilent PSG signal generator and FM modulation, an Agilent MXG
signal generator could be used with its phase noise impairment mode.

© Agilent Technologies, Inc 2012
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Calibrated Phase Noise—Cont'd

FM Noise | Offset

Deviation | 1 Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz
5Hz 60 -80 -100 -120 -140 -160

16 Hz -50 -70 -90 -110 -130 -150

50 Hz -40 60 -80 -100 -120 -140
158Hz  -30 -50 -70 -90 -110 -130

[500Hz -20 40 -60 -80 -100 -120 |

158kHz  -10 -30 -50 -70 -90 -110

5 kHz 0 -20 -40 -60 -80 -100
158kHz 10 -10 -30 -50 70 -90

50kHz 20 0 20 -40 -60 -80

Note: Forthe example on the previous slide, an FM deviation of 500 Hz
was selected to produce a calibrated phase noise of -100 dBc/Hz at a 10
kHz offset.

s
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Phase Detector Techniques

A phase detector can be used to isolate phase noise from amplitude noise.
The basic concept of the phase detector forms the basis of several
common phase noise measurement methods,

The phase detector converts phase
difference between its two inputs into a
voltage

When the phase difference between the
two inputs is 90° (quadrature), the
phase detector output will be 0 Volts

Any phase fluctuations around the
quadrature point will result in a voltage
fluctuation at the output of the phase
detector

The phase detector output can then be
digitized and processed to obtain the
phase noise information desired.

At oinn s B (AN Fryvires o
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To separate phase noise from amplitude noise, a phase detector is required. This slide shows
the basic concept for the phase detector technique. The phase detector converts the phase
difference of the two input signals into a voltage at the output of the detector. When the phase
difference is set to 90 (quadrature), the voltage output will be zero volts. Any phase
fluctuation from quadrature will result in a voltage fluctuation at the output.

Several methods have been developed based upon the phase detector concept. Among them,
the reference source/PLL (phase-locked-loop) is one of the most widely used methods.
Additionally, the phase detector technique also enables residual/additive noise measurements
for two-port devices.

© Agilent Technologies, Inc 2012
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Reference Source / PLL Method

The reference source / phase lock loop (PLL) method is an adaptation of
the phase detector technique, where a double balanced mixeris used as a
phase detector.

DUT * In this method. two sources are used

— One source 1s the DUT
(o ¥ i Low-pass Low-roise

FiteriPP)  ameier - The second source is a reference
source that the DUT is compared to

——# W * The reference source is controlled such

that it follows the DUT at the same
frequency and maintains a phase
quadrature

* The mixer sum frequency, 2f, is filtered off
with the low-pass fiiter and the mixer
difference frequency is O Hz. with an
average voltage of O Voits

* Riding on the DC output of the mixer are
AC voltage fluctuations proportional to the
combined phase noise contributions of
the two sources.

: The phasa nolse of the reference must be
negligible, when compared to the DUT

« Offers the best sensitivity and widest offset coverage
* Insensitive 1o AM and can track drifting DUTs

* Requires a clean electronically lunable reference

Acewireve __Aehiows
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The basis of the Reference Source / PLL method is the double balanced mixer used as a
phase detector. Two sources, one from the DUT and the other from the reference source,
provide inputs to the mixer. The reference source is controlled such that it follows the DUT at
the same carrier frequency (fc) and in phase quadrature (90 out of phase) nominally. The
mixer sum frequency (2fc) is filtered out by the low pass filter (LPF), and the mixer difference
frequency is 0 Hz (dc) with an average voltage output of O V.

Riding on this dc signal are ac voltage fluctuations proportional to the combined (rms-sum)
noise contributions of the two input signals. For accurate phase noise measurements on
signals from the DUT, the phase noise of the reference source should be either negligible or
well characterized. The baseband signal is often amplified and input to a baseband spectrum
analyzer.

The reference source/PLL method yields the overall best sensitivity and widest measurement
coverage (e.g. the frequency offset range is 0.01 Hz to 100 MHz). Additionally, this method is
insensitiveto AM noise and capable of tacking drifting sources. Disadvantages of this method
include requiring a clean, elec-tronically tunable reference source, and that measuring high
drift rate sources requires reference with a wide tuning range.

© Agilent Technologies, Inc 2012
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Frequency Discriminator Method

The frequency discriminator method is another adaptation of the phase
detector technique, where the reference source has been eliminated and
the DUT signal is compared with a time delayed version of itself,

« Signal from the DUT is splitinto two
paths

- The signal in cne path is delayed
o relative to the other path

— The delay line converts frequency
fluctuations into phase fluctuations

-~ The delay line or phase shifter is
adjusted to put the inputs to the mixer
in quadrature

— The phase detector converts phase
fluctuations into voltage fluctuations
which are analyzed on the baseband
analyzer

At oinn s B (AN Fryvires o
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The frequency discriminator method is another variation of the phase detector technique with
the require-ment of a reference source being eliminated.

This slide shows how the analog delay-line discriminator method works. The signal from the
DUT is splitinto two channels. The signal in one path is delayed relative to the signal in the
other path. The delay line converts the frequency fluctuation to phase fluctuation. Adjusting
the delay line or the phase shifter will determine the phase quadrature of the two inputs to the
mixer (phase detector). Then, the phase detector converts phase fluctuations to voltage
fluctuations, which can then be read on the baseband spectrum analyzer as frequency noise.
The frequency noise is then converted for phase noise reading of the DUT.

© Agilent Technologies, Inc 2012
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Frequency Discriminator Method

* The analog delay-line discriminator degrades measurement sensitivity, at
close-in offset frequencies

- s a very useful method when the DUT is a noisy source that has high-level
low-rate phase noise or high close-in spurious sideband conditions which
can limit performance of the phase detector PLL technique.

» Longer delay lines can improve sensitivity, the added insertion loss of the
longer delay can degrade signal to noise ratio and measurement sensitivity

+ Longer delay lines also limitthe maximum offset frequency that can be
measured.

» This is the best method for free-running sources, such as LC and cavity
oscillators.
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Although the analog delay-line discriminator method degrades the measurement sensitivity (at
close-in offset frequency, in particular), it is useful when the DUT is a noisier source that has
high-level, low-rate phase noise, or high close-in spurious sideband conditions which can pose
problems for the phase detector PLL technique.

A longer delay line will improve the sensitivity but the insertion loss of the delay line may
exceed the source power available and cancel any further improve-ment. Also, longer delay
lines limit the maximum offset frequency that can be measured. This method is best used for
free-running sources such as LC oscillators or cavity oscillators.

© Agilent Technologies, Inc 2012
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Heterodyne Digital Discriminator
(A modification of the analog delay line discriminator)

: (frequency locked loo
...... ... (froquency Pl
LO
flow—e Scaling amp.
W) BPF | ADC
. pr MIX. / ‘
y Vilt) (FFT)
Signal Source /e time _ N
Under Test : / i DlgltalSlg gnal Processi ﬁg
Note that a main sxgnal still exists at tln;s point | l tis set at 1/(4f;) [sec] ~ 4ns ]

This limits D.R. of a digital discriminator method.
DUT signal is down converted 1o an IF frequency by a mixer and a requency locked LO
« The IF signal is amplified and then digitized by an A to D converter

In DSP, the signal is spiit and a delayed version of the signal is compared with a non delayed versionin a
mexer. The delay is set to ensure quadrature

«  The mixer cutput is filtered to remove the sum component, leaving the baseband component which is
processed for phase noise
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The heterodyne (digital) discriminator method is a modified version of the

analog delay-line discriminator method and can measure the relatively large phase noise of
unstable signal sources and oscillators. This method features wider phase noise measurement
ranges than the PLL method and does not need re-connection of various analog delay lines at
any frequency. The total dynamic range of the phase noise measurement is limited by the LNA
and ADCs, unlike the analog delay-line discriminator method previously described.

This limitation is improved by the cross-correlation technique explained in the next section.
The heterodyne (digital) discriminator method also provides very easy and accurate AM noise
measurements (by setting the delay time zero) with the same setup and RF port connection as
the phase noise measurement.

This method is only available in Agilent’'s E5052B signal source analyzer.

© Agilent Technologies, Inc 2012
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Heterodyne Digital Discriminator

» Can measure unstable sources and

oscillators

« Wider phase noise measurement range 00 2 it W
than the PLL method &'}', Tsva

i i a0

+ Dynamicrange is limited by the LNA W ‘[
and ADC LEA;!....

+ Provides very fast and accurate AM k) £l Et‘iigx
noise measurements by setting the = ol
delay time to zero 0 —T _‘5 [ T Y

+ Performance is improved by cross i ——- -Q- -d'-‘i

correlation in the Agilent ES052B.
Agilent ESO52B, Signal Source Analyzer
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Correlation technique for noise floor reduction

Two-channel Cross-Correlation Technique

internal system noise N, Measured noise : N,
Signal-gsource CH1 ?
Under Test | v o
r
@ @ Splitter Cross-comrelation  [——>
Source noise : | (Correlation#=M)
Nsur | CH2 >

internal system noise N,

N_..=Ngor + (N +N,)/ WM Assuming N, and N, are uncorrelated.
M (number of correlation) 10 100 1,000 10,000
Nolse reduction on (N,+N;) -5dB -10dB | -15dB -20dB

Iy L R e e
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The two-channel cross-correlation technigue combines two duplicate single-channel
reference sources/PLL systems and performs cross-correlation operations between
the outputs of each channel, as shown in this slide. This method is available only in
the E5052B signal source analyzer, among Agilent phase noise measurement
solutions.

DUT noises through each channel are coherent and are not affected by the cross-
correlation, whereas, the internal noises generated by each channel are incoherent
and are diminished by the cross-correlation operation at the rate of M2 (M being the
number of correlation). This can be expressed as:

Nmeas = Npyt + (N; + N,)/M2

where, ymeas IS the total measured noise at the display; Npyr 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 technigue achieves superior measurement
sensitivity without requiring exceptional performance of the hardware components.
However, the measurement speed suffers when increasing the number of correlations.



Agilent E5052B Cross Correlation

+ The Agilent E5052B incorporates

- Atwo-channel cross-correlation measurement system to reduce
measurement noise

— Can be configured as:
» Two-channel normal phase noise PLL system
+ Two-channel Heterodyne Digital Discriminator system

* Provides excellent phase noise measurement performance for many
classes of sources and oscillators

« Is particularly well suited for free running oscillators

+ Measurement speed suffers when the number of correlations becomes
large, limiting close-in phase noise measurement performance.

‘} Agilent Technelogies
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Agenda

» Whatis phase noise?
« Phase noise measurement techniques

- Direct phase noise measurement (with a spectrum
analyzer)

-~ Phase detector techniques
-~ Two-channel cross correlation method
- « Agilent E5500 Phase Noise Measurement System
« Comparison of Agilent Phase Noise Measurement Solutions
+ Summary
« Bibliography
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Agilent E5500 Phase Noise Measurement System
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The Agilent E5500 Phase Noise Measurement System is a modular system based on the
phase detector technique of phase noise measurement. The system is designed to be
extremely flexible, allowing for various configurations and interconnecting with a vast array of
signal analyzers and signal sources.
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Agilent E5500 Phase Noise Measurement
System

+ The E5500 system can be configured as:
- A phase detector system
— Areference source/PLL system
- A frequency discriminator system
- For residual phase noise measurements
— For pulsed phase noise measurements

« System is complex, but allows the most measurement flexibility and best
overall system performance

Antigipats __Averierate __Askiver
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The E5500 system allows the most flexible measurements on one-port VCOs, DROSs, crystal
oscillators, and synthesizers. Two-port devices, including amplifiers and converters, plus CW,
pulsed and spurious signals can also be measured. The E5500 measurements include
absolute and residual phase noise, AM noise, and low-level spurious signals. The standalone-
instrument architecture easily configures for various measurement techniques, including the
reference source/PLL and analog delay-line discriminator method.

With a wide offset range capability, from 0.01 Hz to 100 MHz (0.01 Hz to 2 MHz without
optional spectrum/signal analyzer), the E5500 provides more information on the DUT’s phase
noise performance extremely close to and far from the carrier. Depending on the low-noise
downconverter selected, the E5500 solution handles carrier frequencies up to 26.5 GHz, which
can be extended to 110 GHz with the use of the Agilent 11970 Series millimeter harmonic
mixer. The required key components of the E5500 system include a phase noise test set (
N5500A) and phase noise mea-surement PC software.

In addition, when confi gured with the programmable delay line the E5500 sys-tem can
implement the “Frequency/analog delay-line discriminator” technique that offers good far-out
but poor close-in sensitivity, suitable for measuring the free-running sources with a large
amount of drift.

© Agilent Technologies, Inc 2012
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Agilent PN PN Measurement Advantages
Solution Technique ‘
NOOER PN Direct Spectium » Easy aperaticn
measuremantApp far  Messurement + Cuick check of pharse-locked
X-Senes signals
+ Fument s nct dedicated to
phase noise can ba used for
general purposs also.
ESC00PN Fhase . 1o broad ofizet range

Measurement sysiem sourcePLL) :

ES300PN Phase datsclor (anakog daisy-
Mhassurement systen I Gscminatar)

E50528 PLL method and helarodyne
Signal Scurce Anatyzer  digital discriminator with fac-
channal cross-cornelation
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+Canmensure very kva PN at close-
in offsets with & good LO

+ Measirs PN for puised carmens as
wellas CW

» Can separate FN from AM nolse

+ CHnmeasuns very kow PN af far-out

offset requancies
» Sustabie for measwring relatvely
dirty sources. ke 3G oscifators

» Easy operaton setup, and cal
+ Measure verylow PN at broad
offsets

» Cross-comelation Improves PN

senstiity
+ Canseparate AM and PN noise

Agilent Technelogies

Comparison of Agilent Phase Noise Solutions

Disadvantages

+ Difficuit to measuns dose-n PN of
quist signal sources fhe crystal
osciiatces

+ Cannct measure PN of dnfty
signal scurces, such as free.
runeing VCO4

+ P noise & Invied by LO notse
+ Complicased set up and calbcation
required

« Notappicable 1o cose-in PH
massufenants due gain
degradation by dscrminator

+ Complicased set up and catbeation
required

+ Diffizut to cotan the eght daly
ling at an arbirary frequancy.

+ Lang measurement time for
exremely low PN at closa.in offsel
fraquencies.

45



Phase Noise Comparison of Agilent Solutions

Typical PN floor comparisen (CF = 1 GHz)
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Summary

+ With increased data requirements of today's digital radios and improved
processing techniques of modern radar systems phase noise has taken on
added importance to RF and systems engineers

« Understanding phase noise and its sources can be complicated and a full-
time profession for some engineers

» Determining the best method of phase noise measurement can be
bewildering, but all common test solutions are well documented and Agilent
applications experts are available to assist and answer your questions

+ In general, one solution does not fit all applications or all users

» Agilent provides a great breadth of phase noise measurement equipment
that is tailored to today's demanding measurement requirements.

‘.:) Agilent Technelogies
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