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Intro / Goals

Accurate Signal and Noise Measurement

Time and Freguency Techniques

Post Processing Applications: Simplicity over Efficiency
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FFT Spectrum, RBW = 102 Hz
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Tools

Application

FFT Spectrum [h  Narrowband: power of individual tones

Welch PSD

[b Wideband: noise density

EVM, Correlationlhy SNR
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b  Stationarity, max observation time
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Compelling Examples



ADC SNR, Spurs and ENOB

FFT Spectrum, RBW = 192 Hz

N bit A/D Converter —20 -
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Waveform Quality in a Processing Chain

A/D and D/A boundary
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QAM 16 Constellation Showing Gray Code Mapping

1Q Constellation
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EVM, SNR, Spectrums
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Welch Spec at Rx, bits=12, RBW = 22.5 KHz

IQ Constellation
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EVM, SNR, Spectrums

9/6/2025 Copyright © 2025, Dan Boschen



dBc/Hz

Consideration for Neftationary Signals

Phase Noise Frequency DomaiiyY "Q Phase Noisg Time Domain
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Power Measuremerdaf Tones



FFT Spectrum Processing (for Tones)

x[n]

Duration N sets resolution bandwidth (RBW)

Window (Kaiser, vary for dynamic range needed)

ow " Zero pad(P=4 to 10x, next pow 2)

&l ScaleFFT by sum of window

BO ¢
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dBFS

Results of FFT Spectrum

FFT Spectrum, RBW = 192 Hz
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Test waveform:

A0 ! Al(©@"® 06 Al O
Sampling Rate £ 100 MHz

Total number of samples: N=1,048,576
Primary tone: {=8.2163185 MHz, A1

Spur: §=12.13 MHz, A= 1e4

Sampled and quantized to 12 bits to be x[n]
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Resolution BW and Dynamic Range

Resolution Bandwidth and Dynamic Range: trade space with window used.
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dBFS

FFT Spectrum if not Windowed

FFT Spectrum, RBW = 192 Hz
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Scalloping Loss

Worst Case Scalloping Loss
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Zero-Padding Ratio
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PowerMeasurement of Noise



Motivation for using Welch
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dBFS

FFT Spectrum, RBW = 192 Hz
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Noise in the FFT Spectrum isn0ISY
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Welch Power Spectral Density for Noise

<«— Dblock size——
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Results of Welch Power Spectral Density

Welch PSD, RBW = 847.5 KHz

Test waveform:

- q q
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A0 ! AT O™ ®W o6 Al O
Sampling Rate; £ 100 MHz

Total number of samples: N=1,048,576
Primary tone: }=8.2163185 MHz, A1
Spur: §=12.13 MHz, A= 1e4

Sampled and quantized to 12 bits to be x[n]
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Results of Power Spectral Density

Welch Spectrum, RBW = 847.5 KHz
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ADC ENOB Example:

From FFT Spectrum: Total Signal Power = 0 dBB$ BFS as two complex tones)

OneSine Wave ¥wo Complex Tones!
(Perfect) 12 bit A/D Converter
Test FFT Spectrdm, R =192 Hz Welch PSD, RBW = 847.5 KHz
— i ORNO) 00
Waveform N ..
_20 -
_80 .
—40
—60 E =100
Sample Clock & "y
—80 1 - ~120
—100 1
SNR = 6.02 dB/bit + 1.76 dB IREL
e —— o A——
140 —40 -20 0 20 ¥ —flﬂr(] —|20 (I.'! 2|0 4|0
Frequency (MHz) Frequency (MHz)
SNR = 0 dBKS4.06 dBFS) = 74.06 dB Erom Welch PSD"
_ Total noise powerl54.06 dBFS/Hz spread over 100 MHz
ENOB = (74.04.76 )/6.02 = 12.01 bits =-154.06 dBFS/Hz + 10lg{100e6)
=-74.06 dBFS
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Recommended Overlap for Windows

Kaiser Wind
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SNR using EVM and Correlation



Brief "IQ" Intro
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Correlation Coefficient
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Example Waveform: 1QAM Transmitter

Eye Diagram at Transmitter

Q
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Constellation
0,1,1,0,1,1,1,0,0,0,.. Map Q

4 levels

e

S, S 1 sample/symbol
4 bits/symbol
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Example

Eye Diagram at Receiver

Waveform: 10AM Recelver

Eye Diagram Eye Diagram 1Q Constellation
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EVM: Error Vector Magnitude

IQ (Imag)

4

wE

A
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> | (Real)

i ‘ . L . ——— oneerror vector at sample index n in time
T € W e W €
wE

Owo pmimth

Bloe w¢é |
0
~

S is "scale"
when”Y w then SNR = 1/(EVKI)

in dB:SNR, =-20Log(EVM)
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16-QAM Waveform Parameters

Welch Spec at Tx, RBW = 21.1 KHz

Total number of symbols: 262,144
Symbol Rate (R): 10 MHz —707 e
Headroom: 8 dB below Full Scale
Number of bits: 8 bits 1 and Q —801
Sampling Rate Jf 40 MHz
RRC impulse response duration:30 symbols N =907
RRC rolbff factor: 0.2 %

—100
Predicted SNR as limited by quantization noise:
SNR (from Full Scale) = 6.02 dB/bit + 1.76 dB = (6.02)(8) + 1.76 =49.92dB  —110 -
SNR after Headroom = 49.92 ¢B dB = 41.92 dB I l
Potential SNR increase due to oversampling = 1QIB)(# 6.02 dB —120 -

-20 -10 0 10 20

SNR = 41.92 dB + 6.02 dB = 47.94 dB Frequency (MHz)
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SNRusing EVM

Q
| Vo = tin) e Error Vector
| WhenS = RMS of all possible symbols in the constellation
vy = t(n)
L | then:
1/EVMP = SNR
In dB: SNR (dB)-20Log(EVM)
\/Bl(‘) &
06D @ pTTP
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"All Sample" EVM

Captured Waveform
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15 1

0.5

0.0 4 e

-1.04 E

—1.5 1

EVM for 16QAM prior to Matched Filter

‘All-sample' EVM vs Sample Time Offset

Eye Diagram at Receiver Before Matched Filter Eye Diagram of RRC Reference Waveform -
1.5 4
1.0 4 - = — 10+ —34 -
0.5
0.0 —361
@
-0.5 =
_38 -
—1.0 1
\ /-t
0 1 2 3 4 5 6 7 8 T .
Samples n n 0 2 4 6 8
P A” Sam ple Samples
c0s() EVM 42
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Sample Offset

RRC
Matched

H%B
Filter
sin() :?:
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Alignment of Mag, Freg/Phase, and Time

Magnitude: Normalize by the standard deviation

Freq / Phase: Use correlation to get phase, frequency is slope of phase

Time: Use correlation for course alignment, polyphase for fine adjust



Samples

Time Alignment with Polyphase Filter Bank

+1.319¢e1 Group Delay First 50 Banks
Group Delay First and Last 50 Banks 0.0060
14.0
0.0055 -
13.5 1 0.0050
S
— T, 0.0045 -
13.0 1 "
1 sampled delay 3
. £ 0.0040 -
s ] 16384 filter banks 5
0.0035
12.0 | 0.0030
0.0025
11.5
0.0020 . . — .
0.0 0.1 0.2 0.3 0.4 0.5
11.0 | | | | Normalized Frequency (cycles/sample)
0.0 0.1 0.2 0.3 0.4 0.5

Normalized Frequency (cycles/sample)

Each Bank is a 27 tap FIR filter
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dB

Magnitude Response of Polyphase Filter Ban

Freq Response for all Filter Banks Freq Response for Prefilter Used in EVM Tool

0 =
-85 o Onesided ENBW = 0.457 cycles/sampl
_25 | (-0.78 dB for white noise)

_90 -

_o5 | =50 ~
~100 | =75 7

. . m
105 High freq attenuation ° o004
varies with delay used in
o] EVM Tool ~1221
=115 A ~150 4
—— Pre-filter Mangitude

—120 —175 A In-band Error

T T
0.0 0.1 0.2 0.3 0.4 0.5 ' '

T T T T
_ 0.0 0.1 0.2 0.3 0.4 0.5
Normalized Frequency (cycles/sample) .
Mormalized Frequency (cycles/sample)

Prefilter for waveform and reference used in EVM
Tool to eliminate delay variability in EVM result
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EVM for 16QAM after Matched Filter

‘All-sample' EVM vs Sample Time Offset

Eye Diagram of RC Reference Waveform

Eye Diagram at Receiver After Matched Filter

—34 4

"All Sample"

T T T T T T
0.30 0.32 0.34 0.36 0.38 0.40
Sample Offset

Matched
Filter
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Summary of EVM R

Eye Diagram at Receiver Before Matched Filter

Eye Diagram of RRC Reference Waveform

ecelver M

Eye Diagram at Receiver After Matched Filter

Eye Diagram of RC Reference Waveform

0.5 4

—0.5 4

HEL TR

1.0 4

0.0 -

-1.0

dB

15—+ |
1.0 1~ ]
0.5 ] !
0.0 11 |
—0.5 + -
1.0+ _ A 7e =
_1.5 —!_ l !_ __‘_
' T ' 0 2 a 6 8
Samples
'All-sample’ EVM vs Sample Time Offset
—-32
-34 \ /
/
—-36
\
@ \
=]
—38
—-40 \ 7/
_a N\ / C\/AA— A9 =7 N0
~ <4 CVIVI=aZ.1 UD
0.30 0.32 0.34 0.36 0.38 0.40
Sample Offset
9/6/2025

-34

—-36

—38

Samples

4
Samples

[__
,,\ :

‘All-sample’ EVM vs Sample Time Offset

yd

/

/

/

/

/

\

/

e

— EVNM

1=47.6 dB

0.30

0.32

Copyright © 2025, Dan Boschen

0.34

0.36

Sample Offset

0.38

0.40

easurements

39



@ EVM Toot 16 QAM

Rx Waveform Measurement Before Matched Filter:

In: tools.evm(rx_before_mf, reference_rrc)

Out: (0.007323, 0.347961, 4.519621e -07)
In: tools.db(0.007323)

Out: -42.7062 «—— 427dB

EVM, time offset (samples), and phase offset (radians)

A

Rx Waveform Measurement After Matched Filter:

In: tools.evm(rx_after _mf, reference_rc)
Out: (0.004149, 0.348022, 8.341614e - 08)

In: tools.db(0.004149)
Out: -47.64107 «—— -47.6dB

Measured EVM at Decision Samples On#j7.9 dB
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Predicted SNRs16 QAM

16 QAM SNR Prior to Matched filter

Quantization: 8 bits I and Q

AGC:8.0 dBFS

Raised Cosine Raiff Factor|( : 0.2

Onesided ENBW of Prefilter in EVM Tool: 0.457 cycles/sample
Sampling Rate (R): 4 samples / symbol

SNR using 6.02 dB/bit + 1.76 dB: 49.92 dBFS

SNR after AGC BacK: 49.92 dBFS8.0 dB =11.92 dB

Prefilter noise reduction: 20Log(2 x ENBW).Z8 dB

Predicted "AlSample" EVM from EVM Toel1.92 dB-0.78 dB =42.70 dB

16 QAM SNR After Matched filter
Potential SNR increase due to oversamplingt | CY) =6.02 dB
Predicted EVM after' RRC fitler (removes out of band noisé)t.926.02=-47.94 dB



Measured SNRs and Welch Spectrums

Welch Spec of Resampled Wfm Before MF, RBW = 21.1 KHz Welch Spec of Resampled Wfm After MF, RBW = 21.1 KHz

—60 —60
—80 A —80 4
=100 —100 -
) ) 47.6 dB
L L
o o
% % Y _

-140 -140

Iy Y | | | N

_160 T T T T T T T T T T
—20 -15 -10 -5 0 5 10 15 20 —20 -15 -10 -5 0 5 10 15 20
Frequency (MHz)

Frequency (MHz)

8-bit Q-noise 14-bits at matched filter output
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SNR using the Correlation Coefficient

Step 1:Remove time, frequency, phase offsets.
Step 2:Remove the mean.
Step 3:Normalize by the standard deviation to get wavefaxn] and referencealn].

Compute the normalized correlation coefficient using same length N for x[n] and r[n]:

R

U

€ A t14 T iy 5 S
B | | H
N BEra S S




SNR from EVM and Correlatphe QAM

Using EVM: Using Correlation Coefficient:
JBIdé]iéI o B Gl €
Owv = 0
U
(31 ¢ T y e e " L T |”|
YOY ¢t I COmD YUY p % o
SNR after Matched Filter for ABAM Example: SNR after Matched Filter for ABAM Example:
All samples:47.6 dB All samples:47.6 dB
Decision samples onlyi7.9 dB Decision samples onlyd7.9 dB




Example Waveform: 4098AM Transmitter
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Example Waveform: 4096AM Recelver

Zoom in Showing Time Offset i Eye Diagram: Zoom in After Timing Correction

9/6/2025

Matched
Filter

1Q Constellation

195 2.00
Samples

Amp / Freq gg Channel Decision / 0.1,1,0.1,1,1.0,0.0.....

[ Time

' Dema
Adjust Compensation P

4 samples/symbol 1 sample/symbol
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4096:QAM Waveform Parameters

Welch Spec at Tx, RBW = 4.2 KHz

Total number of symbols: 262,144 _50
Symbol Rate (R): 1 MHz _60 1
Headroom: 8 dB below Full Scale ~70 - (_\
Number of bits: 15 bits I and Q (SOTA = 15 bits) —80 4
Sampling Rate Jf 8 MHz 90 4
RRC impulse response duration:400 symbols N _100 |
RRC rolbff factor: 0.2 % 110 -
—120 -
Predicted SNR as limited by quantization noise: _130 -
SNR (from Full Scale) = 6.02 dB/bit + 1.76 dB = (6.02)(15) + 1.76 = 92.06 dE ~ _74q 4
SNR after Headroom = 104.10 ¢/B dB = 84.06 dB 150 - J [L
Potential SNR increase due to oversampling = 1QIB)(# 9.03 dB —160 | | | | | | |

—4 -3 -2 -1 0 1 2 3 4

SNR = 84.06 dB + 9.03 dB = 93.09 dB Frequency (MH2)
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@ EVM Toot 4096 QAM

Rx Waveform Measurement Before Matched Filter:

In: tools.evm(rx_before_mf, reference_rrc)

Out: (5.689957e - 05, 0.059998, 9.174326e - 10)
In: tools.db(5.689957e - 05)

Out: -84.8978

A

EVM, time offset (samples), and phase offset (radians)

A

-84.9 dB

Rx Waveform Measurement After Matched Filter:

In: tools.evm(rx_after _mf, reference_rc)

Out: (2.276750e - 05, 0.059998, -4.41151e - 08)

In: tools.db(2.276750e - 05)

Out: -92.8537 «— 0290(B

Measured EVM at Decision Samples Or3.0 dB
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Predicted SNRs4096 QAM

4096 QAM SNR Prior to Matched filter

Quantization: 15 bits | and Q

AGC:8.0 dBFS

Raised Cosine Raiff Factor|( : 0.2

Onesided ENBW of Prefilter in EVM Tool: 0.457 cycles/sample
Sampling Rate (R): 8 samples / symbol

SNR using 6.02 dB/bit + 1.76 dB: 92.06 dBFS

SNR after AGC BacK: 92.06 dBFS8.0 dB =84.06 dB

Prefilter noise reduction: 20Log(2 x ENBW).Z8 dB

Predicted "AlSample” EVM from EVM Toe$4.06 dB-0.78 dB = 84.84 dB

4096 QAM SNR After Matched filter
Potential SNR increase due to oversamplingt | €Y) =9.03 dB
Predicted EVM after' RRC fitler (removes out of band nois®&}.06+9.03=93.09 dB



Measured SNRs and Welch Spectrums

Welch Spec of Resampled Waveform Before MF

Welch Spec of Resampled Wfm After MF
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15-bit Q-noise 21-bits at matched filter output
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SNR from EVM and Correlatp#a096 QAM

Using EVM:
S el f
o J afe] ¢ |
U
YUY ¢l COwd

SNR after Matched Filter for 409BAM Example:
All samples:92.9 dB
Decision samples only23.0 dB

Using Correlation Coefficient:

B of¢]i” €
U

o " N s |” |
YUY T |
p % |H |

SNR after Matched Filter for 4092AM Example:
All samples:92.9 dB
Decision samples only23.0 dB




Non-Stationary Signals



dBc/Hz

Consideration for Neftationary Signals

Phase Noise - Frequency Domain Sg(f)
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103 104 02 0@
Frequency (Hz)
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Phase Noise Time Domain
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Allan Deviation (ADEV)

9/6/2025

< T =
instantaneous ] :
> time
frequency errol
[ [ |
< &1 »l
| |
> &2 =
Overlap ADEV:
Average the frequency error over duration 7
Shift one sample, compute a new average for every shift
Subtract averages that are 7 apart in time to get a difference error
RMS all the differences
Normalize answer by dividing by V2
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ADEVW White Noise

constant W

Time Series Power Spectral Density . Allan Deviation
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0.05 102 4
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= 1077 3
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f T T T | =120 + 10°6 ] T T

0.000 0.025 0.050 0.075 0.100 102 103 104 10° 106 107 103 103
Time (seconds) Frequency (Hz) T (seconds)
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ADE\ Pink Noise

b constant
Time Series Power Spectral Density Allan Deviation
—60 1071 3
0.05 1 lD—E —;
—80 A ]
= 10773
000 JUNNAIIREN < <
S 1074 =
-100 - E
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ADE\ Red (Brownian) Noise

i VW

Time Series Power Spectral Density Allan Deviation
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Phase Power Spectral Densi§omponents

Welch Spectrum , RBW = 82.4 Hz
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Frequency (Hz)
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dBc/Hz

Welch Spectrum , RBW = 82.4 Hz
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dBc/Hz

"ADEV" for Phase Fluctuations

Y ("Q Two-Sided Power Spectral
Density due to Phase Fluctuations
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as(T)

Two-Sample Deviation of Phase Fluctuations
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QAI\/I Carrler Recovery and Phase Noise

- —1 \z‘*“fﬂ | A
! X § L
QAM || : , L QAM
Source o ‘ : > iQﬁ‘ Sink
, J Phase |
Noise LT | Detector [*
(AWGN)
Phase : :
Noise Freq Offset ; LoopFilter [e — EVM
Phase Offset bt . t—/? 0 . J

Decision Directed Carrier Recovery Loop
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